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Abstract

Neddylation, an important type of post-translational modification, has been implicated in

innate and adapted immunity. But the role of neddylation in innate immune response against

RNA viruses remains elusive. Here we report that neddylation promotes RNA virus-induced

type I IFN production, especially IFN-α. More importantly, myeloid deficiency of UBA3 or

NEDD8 renders mice less resistant to RNA virus infection. Neddylation is essential for RNA

virus-triggered activation of Ifna gene promoters. Further exploration has revealed that

mammalian IRF7undergoes neddylation, which is enhanced after RNA virus infection. Even

though neddylation blockade does not hinder RNA virus-triggered IRF7 expression, IRF7

mutant defective in neddylation exhibits reduced ability to activate Ifna gene promoters.

Neddylation blockade impedes RNA virus-induced IRF7 nuclear translocation without hin-

dering its phosphorylation and dimerization with IRF3. By contrast, IRF7 mutant defective in

neddylation shows enhanced dimerization with IRF5, an Ifna repressor when interacting

with IRF7. In conclusion, our data demonstrate that myeloid neddylation contributes to host

anti-viral innate immunity through targeting IRF7 and promoting its transcriptional activity.

Author summary

With the features of high mutation rates and fast propagation, RNA viruses remain a great

challenge for the control and prevention of epidemic. Better understanding of the molecu-

lar mechanisms involved in host innate immunity against RNA viruses will facilitate the

development of anti-viral drugs and vaccines. Neddylation has been implicated in innate

and adapted immunity. But the role of neddylation in RNA virus-triggered type I IFN

production remains elusive. Here, using mouse models with myeloid deficiency of UBA3

or NEDD8, we report for the first time that neddylation contributes to innate immunity

against RNA viruses in mammals. Neddylation is indispensable for RNA virus-induced

IFN-α production although its role in IFN-β production is much blunted in macrophages.
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In mechanism, neddylation directly targets IRF7 and enhances its transcriptional activity

through, at least partially, promoting its nuclear translocation and preventing its dimer-

ization with IRF5, an Ifna repressor when interacting with IRF7. Our study provides

insight into the regulation of IRF7 and innate immune signaling.

Introduction

Innate immunity is the body’s first line of defense against the invasion of viruses, of which

macrophages are key components to inhibit the invasion and replication of viruses. After the

recognition of viral nucleic acids, interferon regulatory factors (IRFs, mainly IRF3 and IRF7),

nuclear factor κB (NF-κB), and activating protein 1 (AP1) are activated by innate immune sig-

naling to induce the production of type I interferons (IFNs, IFN-α and IFN-β) and inflamma-

tory cytokines [1–4]. Under steady state, unphosphorylated IRF3 and IRF7 stay in the

cytoplasm and NF-κB is sequestered in the cytoplasm by inhibitor of κB (IκB) proteins. Upon

phosphorylated by the IκB kinase (IKK)-related kinases, TANK-binding kinase 1 (TBK1) and

IKKi, IRF3 and IRF7 undergo dimerization and nuclear translocation [5–8]. Phosphorylated

IκB proteins undergo ubiquitin-mediated degradation, thereby releasing NF-κB. NF-κB then

undergoes nuclear translocation and collaborates with IRFs to mediate gene transcription

[4,9]. In most cell types including macrophages, IRF3 is constitutively expressed while IRF7 is

expressed at a low level under steady state but is strongly induced by type I IFNs [8].

The roles of IRF3 and IRF7 in type I IFN production depend on the virus and the type of

infected cells. In response to local influenza A infection, whole-body deletion of IRF7

completely abolished IFN-α production in the lung but only partially impaired early phase

IFN-β production, whereas deletion of IRF3 significantly abrogated IFN-β production but

only partially impaired early phase IFN-α production [10]. In mouse embryonic fibroblasts

(MEFs), the potent induction of both IFN-α and IFN-β at various time points after herpes sim-

plex virus (HSV)-1 or vesicular stomatitis virus infection was markedly blocked in the absence

of IRF7, whereas IRF3 deficiency showed much attenuated effects, especially for IFN-α [11].

As for myeloid cells, IRF7 also plays a more pivotal than IRF3 in virus-triggered production of

type I IFNs [11,12]. Intriguingly, virus-triggered production of IFN-β in macrophages seems

to be much less IRF3 and IRF7-dependent than that of IFN-α. West Nile virus-triggered pro-

duction of IFN-α in macrophages and myeloid dendritic cells (mDCs) was almost completely

blocked in the absence of both IRF3 and IRF7 while that of IFN-β was only partially affected at

early stage [13]. The separate regulation of IFN-α and IFN-β expression was also observed in

human immunodeficiency virus (HIV)-infected macrophages [14].

The ubiquitination of phosphorylated IκB proteins is carried out by Skp1/Cullin1/F-

box protein β-TrCP (SCFβ-TrCP) ubiquitin-E3 ligase complex [15–17]. The activity of SCF-like

ubiquitin-E3 ligase complexes is promoted by neddylation. Neddylation is an important type

of post-translational modification, involving an enzymatic reaction by which a ubiquitin-like

protein, neural precursor cell-expressed, developmentally down-regulated 8 (NEDD8), is

covalently conjugated to the substrate [18]. The only known NEDD8-activating enzyme E1

(NAE) is a heterodimer comprising scaffold amyloid precursor protein binding protein 1

(APPBP1) and catalytic subunit ubiquitin-like modifier activating enzyme 3 (UBA3). Then the

NEDD8-loaded NAE transfers NEDD8 to the NEDD8-conjugating enzyme E2 (usually

Ubc12) through a trans-thiolation reaction. Ultimately, NEDD8 is targeted to its substrate pro-

tein via covalent attachment by certain E3 ligase(s) [19–23]. The best-characterized substrates

of neddylation are Cullins. The neddylation of Cullins stimulates the ubiquitination activity of
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the E3 complex and thereby contributes to NF-κB activation. Intriguingly, neddylation block-

ade by treatment with NAE inhibitor MLN4924 or depletion of Uba3 delayed but did not

completely block DNA virus HSV-1-induced nuclear translocation of NF-κB. One the other

hand, neddylation inhibition showed no effects on HSV-1-induced IRF3 phosphorylation and

nuclear translocation. Consequently, MLN4924 treatment or UBA3 deficiency negatively reg-

ulated HSV-1-induced early phase IFN-β production from bone marrow-derived macro-

phages (BMDMs) [24].

As for RNA viruses, NF-κB contributes to IFN-β production at early phase of RNA virus

infection when IRF3 activation is weak [25]. On the other hand, it has been reported that

Sendi virus (SeV) infection induced the degradation of IRF3 through Cullin 1-based ubiquiti-

nation [26]. Theoretically, neddylation should promote SeV-induced NF-κB activation but

simultaneously inhibit IRF3 activation. The paradox might result in different outcomes in dif-

ferent types of cells. One group has reported that NEDD8 knockdown in HeLa, HEK-293T,

and THP-1 cells showed no effect on IFN-β production triggered by lipopolysaccharide (LPS),

poly (I:C), or SeV even though MLN4924 potently inhibited it [27]. In zebrafish, MLN4924

treatment or disruption of Nedd8 increased the sensitivity of zebrafish to RNA virus Spring

Viremia of Carp Virus infection, which was associated with diminished expression of type I

IFNs and interferon-stimulated genes (ISGs) [28]. The neddylation of zebrafish IRF3 and IRF7

was detected under the conditions of co-overexpression with NEDD8 in HEK-293T cells [28].

Thus, the role of neddylation in RNA virus-triggered type I IFN production should be double

checked. Whether IRF3 and IRF7 are genuine neddylation targets remains to be clarified.

Here, using mouse models with myeloid deficiency of UBA3 or NEDD8, we report that

myeloid neddylation is indispensable for RNA virus-induced production of type I IFNs, espe-

cially IFN-α. In mechanism, neddylation directly targets IRF7 and enhances its transcriptional

activity through, at least partially, promoting its nuclear translocation and preventing its

dimerization with IRF5, an Ifna repressor when interacting with IRF7.

Results

Neddylation promotes RNA virus-induced IFN-α production in myeloid

cells

To investigate the potential role of neddylation in RNA virus-induced type I IFN production,

mice with myeloid deficiency of NEDD8 (Nedd8F/F; Lyz2-Cre, named as Nedd8ΔMye) as well as

UBA3 (Uba3F/F; Lyz2-Cre, named as Uba3ΔMye) [24] were generated. Even though neddylation

suppression by MLN4924 treatment was reported to result in the apoptosis of macrophages in
vitro [29], flow cytometry analysis revealed that Uba3ΔMye and Nedd8ΔMye mice and their con-

trol (Uba3F/F and Nedd8F/F) littermates exhibited similar percentages of F4/80+CD11b+ mac-

rophages in the peripheral blood, bone marrow, spleen, and peritoneal cavity (S1 Fig). Thus,

neddylation is dispensable for the development and survival of macrophages under steady

state.

We then cultured BMDMs fromUba3ΔMye mice and their control littermates. Immunoblot-

ting (IB) analysis confirmed UBA3 deficiency (Fig 1A). After infection with SeV or influenza

A H1N1 virus for different time periods, ELISA assays of the supernatants revealed that both

early phase (4 h) and late phase (24 h) IFN-α production was significantly impaired in

BMDMs from Uba3ΔMye mice, as compared to those from littermate control mice (Fig 1B and

1C). The early phase effect seems more pronounced than the late phase. However, there was

no statistically significant difference in IFN-β production, either at early phase (4 h) or at late

phase (24 h) of RNA virus infection (Fig 1B and 1C). The survival of UBA3-deficient BMDMs

was not significantly affected before and 24 h after RNA virus infection (Fig 1D). For further
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confirmation, we cultured BMDMs from Nedd8ΔMye mice and their control littermates.

BMDMs from wild type (WT) mice were also cultured and treated with MLN4924. IB analysis

confirmed NEDD8 deficiency (Fig 1E) or the blockade of Cullin 1 (CUL1) neddylation (Fig

1G). The two strategies of neddylation blockade in BMDMs also led to significantly impaired

IFN-α production at both early phase (4 h) and late phase (24 h) of SeV infection, which was

associated with partially reduced IFN-β production at early phase (4 h) but not at late phase

(24 h) (Fig 1F and 1H). Thus, neddylation is indispensable for RNA virus-induced IFN-α pro-

duction in macrophages but its role in IFN-β production is relatively weak, especially in the

case of UBA3 deficiency. In this scenario, we also cultured mDCs from Uba3ΔMye mice and

their control littermates (Fig 1I). ELISA assays revealed that UBA3 deficiency resulted in

Fig 1. Neddylation promotes RNA virus-induced IFN-α production in myeloid cells. (A-F, I, J) BMDMs or mDCs were cultured from the indicated mouse models.

After immunoblotting (IB) analysis with the indicated antibodies to confirm the deficiency of UBA3 (A, I) or NEDD8 (E), these myeloid cells were infected with the

indicated RNA viruses for the indicated time periods. Then the supernatants were subjected to ELISA (B, C, F, J). The survival of UBA3-deficient BMDMs before and 24

h after RNA virus infection was measured by ATP lite assays (D). (G) IB analysis to confirm the efficiency of MLN4924 pretreatment (0.1 μM, 3 h) in wild type (WT)

BMDMs. (H) After MLN4924 pretreatment (0.1 μM, 3 h), WT BMDMs were infected with SeV for the indicated time periods. Then the supernatants were subjected to

ELISA. Quantitative data are shown as Mean ± SD (n = 3 per group). �p< 0.05; ��p< 0.01; ���p< 0.001; NS, not significant. CUL-N8, neddylated Cullin 1.

https://doi.org/10.1371/journal.ppat.1009901.g001
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diminished production of IFN-β as well as diminished IFN-α even at late phase (24 h) of SeV

infection (Fig 1J), suggesting that RNA virus-triggered IFN-β production in mDCs is more

sensitive to neddylation blockade than that in BMDMs. In addition, MLN4924 pretreatment

significantly abrogated the production of IFN-α and IFN-β in MEFs both at early phase (4 h)

and at late phase (24 h) of SeV infection (S2 Fig).

Myeloid neddylation blockade renders mice less resistant to RNA virus

infection

Alveolar macrophages are reported to be the first defense line in response to local RNA virus

infection [30]. Since myeloid neddylation promotes RNA virus-induced production of type I

IFNs, especially IFN-α, we infected Uba3ΔMyeand Nedd8ΔMyemice and their control littermates

intranasally with influenza A H1N1 virus [31]. The lung tissues and serum of Uba3ΔMye mice

were firstly harvested at 24 h after infection. Compared with control littermates, the lung index

and the viral burden were significantly higher in Uba3ΔMye mice (Fig 2A and 2B). Accordingly,

Uba3ΔMye lungs showed exaggerated epithelial damage and parenchymal infiltration of inflam-

matory cells (Fig 2C). Indeed, immunohistochemistry analysis revealed more F4/80-positive

macrophages in Uba3ΔMye lungs after H1N1 challenge (Fig 2D). ELISA revealed lower levels of

IFN-α and comparable levels of IFN-β in the serum of Uba3ΔMye mice, as compared to litter-

mate Uba3F/F mice (Fig 2E).

To evaluate the effects of myeloid neddylation blockade on the disease and survival of

infected mice over time, we harvested the lung tissues and serum of Nedd8ΔMye mice 7 days

after infection. As expected, the lung index and the viral burden were significantly higher in

Nedd8ΔMye mice at this time point (Fig 2F and 2G), which was associated with exaggerated pul-

monary inflammation (Fig 2H). Quantitative RT-PCR revealed lower levels of Ifna1 and Ifnb1
mRNA in Nedd8ΔMye lung tissues (Fig 2I). Furthermore, ELISA confirmed lower levels of both

IFN-α and IFN-β in the serum of Nedd8ΔMye mice (Fig 2J). In this scenario, we assessed

whether neddylation blockade can affect the mortality in another round of infection. Even

though myeloid NEDD8 deficiency failed to aggravate the reduction of the body weight (Fig

2K), more Nedd8ΔMye mice died during the 12-day observation period (Fig 2L). Thus, myeloid

neddylation blockade renders mice less resistant to RNA virus infection.

Neddylation promotes RNA virus-triggered activation of Ifna promoters

In this scenario, we tried to analyze how neddylation might affect type I IFN production at the

transcription level. Quantitative RT-PCR revealed that the upregulation of Ifna1 in BMDMs

after SeV infection for 4 h or 8 h diminished upon UBA3 deficiency (Fig 3A) or MLN4924 pre-

treatment (Fig 3B). However, the upregulation of Ifnb1 was not suppressed upon UBA3 defi-

ciency (Fig 3A) although it was slightly reduced at 4 h post-infection upon MLN4924

pretreatment (Fig 3B). In mDCs, SeV-induced upregulation of both Ifna1 and Ifnb1 dimin-

ished in the absence of UBA3 (Fig 3C). Thus, the changes in type I IFN mRNA levels are con-

sistent with those in IFN-α and IFN-β secretion levels (Fig 1). Next, we tried to analyze the

effects of neddylation inhibition on RNA virus-triggered promoter activation in HEK-293T

cells. Dual-reporter luciferase assays revealed that Ifna4 and Ifnb1 promoters were significantly

activated after SeV infection for 24 h whereas the activation of Ifna6 promoter, which solely

depends on IRF7 [32], only occurred after prolonged SeV infection. The induction of all the

three promoters by SeV infection was abrogated by MLN4924 pretreatment (Fig 3D). Because

in macrophages neddylation is more important for RNA virus-triggered induction of IFN-α
than for that of IFN-β, we decided to focus on Ifna gene promoters. We further tested the

effects of neddylation inhibition on Ifna promoter activation with the strategy of RNA
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interference. As expected, UBA3 knockdown partially inhibited the induction of both Ifna4
promoter and Ifna6 promoter by SeV infection (Fig 3E). The weaker effects of UBA3 small-

interfering RNA (siRNA), as compared to MLN4924 pretreatment, were consistent with the

lower efficiency of neddylation inhibition. MLN4924 was very efficient to block both global

neddylation and Cullin 1 neddylation, while the global neddylation and the ratio of neddylated

Cullin 1 to free Cullin 1 were only partially reduced upon UBA3 knockdown (Fig 3F).

Mammalian IRF7 is a neddylation substrate

Our aforementioned data suggest that neddylation promotes RNA virus-triggered IFN-α
expression or Ifna promoter activation in all the cell types tested (Figs 1,3 and S2). However,

its role in IFN-β induction is much blunted in macrophages (Figs 1, 3 and S2). These findings

echo a previous report that IRF3 and IRF7 are indispensable for virus-induced IFN-α produc-

tion but only partially contribute to early stage IFN-β expression in macrophages [13]. Because

zebrafish IRF3 and IRF7 have been reported as potential neddylation substrates [28], we fur-

ther explored whether mammalian IRF3 and IRF7 are neddylation substrates. With the strat-

egy of co-transfection in HEK-293T cells, histidine pulldown under fully denaturing

conditions clearly demonstrated that His-tagged NEDD8 was covalently conjugated to exoge-

nous murine IRF7. However, no modification of exogenous human IRF3 was detected under

the same conditions (Fig 4A). Unmodified versions of exogenous IRF3 and IRF7 were also

detected in the pulldown products (Fig 4A), possibly due to non-specific electrostatic attrac-

tion to the nickel beads. Moreover, by performing immunoprecipitation (IP) under partially

denaturing conditions, we found exogenous IRF7 in the precipitates was detected as smear

bands by an antibody against NEDD8 (Figs 4B and S3). Unmodified versions of exogenous

IRF7 were also detected by the anti-NEDD8 antibody, possibly due to non-specific recognition

of too many immunoprecipitated proteins (Figs 4B and S3). Both strategies of in vivo neddyla-

tion assays indicate the molecular weight of the major modification band was about 16-20kDa

higher than free tagged IRF7 (Figs 4A,4B and S3).

NEDD8 overexpression might lead to artificial conjugation independent of NAE [33].

Because histidine pulldown under fully denaturing conditions revealed that covalent modifica-

tion of exogenous murine IRF7 was reduced after MLN4924 treatment for 3 h and was further

eliminated after MLN4924 treatment for 6 h, the neddylation of exogenous IRF7 was not artifi-

cial (Fig 4C). Next, we examined whether viral infection affects IRF7 neddylation. SeV signifi-

cantly enhanced the neddylation of exogenous murine IRF7 in a time-dependent manner,

whereas HSV-1 showed no effect at 3 h and 6 h post-infection although it slightly enhanced

IRF7 neddylation at 9 h and 12 h post-infection. Both viruses potently induced an upshifted

band of IRF7, indicating active IRF7 post translational modifications (Fig 4D). Notably, HSV-

1-induced IRF7 expression in macrophages was very weak, whereas potent IRF7 induction

occurred after SeV infection at the dose that HSV-1 and SeV induced similar NF-κB p65 phos-

phorylation at Ser536 (S4 Fig). SeV-induced IRF7 expression in macrophages was accompa-

nied with two weak upshifted bands: one at around 60 kDa and another at the position similar

Fig 2. Myeloid neddylation blockade renders mice less resistant to RNA virus infection. 8-week-oldUba3F/F and Uba3ΔMye mice (A-E) or Nedd8F/F and

Nedd8ΔMye mice (F-L) were challenged intranasally with 500 PFU Influenza A/Puerto Rico/8/1934 H1N1 virus. Mice were sacrificed and the serum and

lung tissues were collected 24 h (A-E, n = 5 per group) or 7 days (F-J, n = 5 per group) later. (A, F) The lung index was determined by calculating lung

weight relative to body weight. (B, G) Levels of H1N1 RNA in lung tissues were analyzed by quantitative RT-PCR analysis. (C, H) Histopathology of lung

tissues was analyzed by H & E staining. (D) The number of macrophages in lung tissues was determined by immunohistochemistry staining of surface

marker F4/80. (E, J) Levels of IFN-α and IFN-β in the serum were measured by ELISA. (I) Levels of Ifna1 and Ifnb1 mRNA in lung tissues were analyzed by

quantitative RT-PCR analysis. (K, L) In another round of infection, body weight changes and survival curves were monitored at different time points after

H1N1 infection (n = 10 per group). Quantitative data are shown as Mean ± SD. �p< 0.05; ��p< 0.01; ���p< 0.001; NS, not significant.

https://doi.org/10.1371/journal.ppat.1009901.g002
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to neddylated IRF7 (as indicated by the symbol <), suggesting that the neddylation of mam-

malian IRF7 could occur at the endogenous level. To confirm this notion, SeV-infected

BMDMs from Uba3F/F and Uba3ΔMye mice were subjected to IP under partially denaturing

Fig 3. Neddylation promotes the activation of Ifna promoters by RNA virus. (A-C) After BMDMs (A) or mDCs (C) were cultured

from Uba3F/F and Uba3ΔMye mice or WT BMDMs were pretreated MLN4924 (0.1 μM, 3 h) (B), the cells were infected with SeV for the

indicated time periods. Then cells were subjected to quantitative RT-PCR analysis. (D-F) Twenty-four hours after HEK-293T cells were

transfected with the indicated reporter plasmids in the presence or absence of the indicated small interfering RNAs (siRNAs), the cells

were pretreated with or without MLN4924 (0.5 μM, 3 h), followed by SeV infection for the indicated time periods. Dual-reporter

luciferase (LUC) assays were then performed. Luciferase activity was reported as fold induction (D and Top part of E). Cell lysates were

subjected to IB with the indicated antibodies (Bottom part of E and F). Quantitative data are shown as Mean ± SD (n = 3 ~ 4 per group).
�p< 0.05; ��p< 0.01; ���p< 0.001; NS, not significant.

https://doi.org/10.1371/journal.ppat.1009901.g003
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conditions with an antibody against IRF7. Endogenous IRF7 in the precipitates of UBA3-suffi-

cient BMDMs was detected as a major band at 56 kDa and an upshifted band at about 60 kDa

by an anti-IRF7 antibody. However, no band around 72 kDa was detected, possibility due to

Fig 4. Mammalia IRF7 is a neddylation substrate. (A, B) HEK-293T cells were transfected with the indicated mammalian expression vectors. Twenty-four hours later,

possible neddylation of exogenous mammalian IRF proteins was examined by IB analysis with the indicated antibodies after histidine pulldown under fully denaturing

conditions (A) or immunoprecipitation (IP) under partially denaturing conditions with an antibody against Myc-tag (B). (C, D) HEK-293T cells were transfected with the

indicated mammalian expression vectors. Twenty-four hours later, the cells were treated with 0.5 μM MLN4924 (C) or the indicated viruses (D) for the indicated time

periods. The neddylation of exogenous murine IRF7 was then examined by histidine pulldown under fully denaturing conditions. (E) After BMDMs from Uba3F/F and

Uba3DMye mice were infected with SeV for 6 h, the neddylation of endogenous IRF7 was then examined by IB with the indicated antibodies after IP with an anti-IRF7

antibody. (F) Bacterially expressed His-tagged murine IRF7 was incubated with the indicated purified proteins at 37˚C in the absence or presence of ATP for 1 h. The

samples were then subjected to IB with an antibody against IRF7.

https://doi.org/10.1371/journal.ppat.1009901.g004
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the poor recognition of neddylated IRF7 by the anti-IRF7 antibody used for IP. Intriguingly,

the upshifted band at about 60 kDa diminished in the absence of UBA3.When we used an anti-

body against NEDD8 for IB, endogenous IRF7 in the precipitates of UBA3-sufficient BMDMs

was detected as a weak band slightly higher than 72 kDa after long exposure, which diminished

upon UBA3 deficiency (Fig 4E).

In line with a recent study which indicated that the interaction between neddylation sub-

strate and Ubc12 may be very difficult to be detected [34], the physiological interaction of

IRF7 with Ubc12 was only weakly detected by IP endogenous proteins (S5 Fig). To prove a

protein is a substrate for any type of enzyme-mediated post-translational modification, in vitro
cell-free assays using this protein expressed and purified from bacteria or other non-eukaryotic

cells/systems are the key approach. E3-independent NEDD8 covalent conjugation to several

neddylation substrates (for example, p53, E2F1, and MKK7) in vitro has been demonstrated

[20,35,36]. In this scenario, we analyzed whether the same phenomenon might happen to

IRF7. Incubation of bacterially expressed His-tagged murine IRF7 with NAE (E1), Ubc12 (E2),

and NEDD8 in the presence of ATP resulted in the appearance of a weak but repeatedly detect-

able slower-migrating band about 8–10 kDa higher than free tagged IRF7 (Fig 4F). Together,

these data indicate that mammalian IRF7 is a neddylation substrate.

Neddylation does not promote RNA virus-induced IRF7 expression

Then we set out to explore how neddylation might affect RNA virus-triggered innate immune

signaling including IRF7 induction. IB analysis revealed an accumulation of Ser32 phosphory-

lated IκBα in UBA3-deficient, NEDD8-deficient, or MLN4924-pretreated BMDMs at 6 h and

8 h after SeV infection (S6A–S6C Fig). Since the phosphorylation of upstream kinase TBK1 at

Ser172 and another TBK1 substrate NF-κB p65 at Ser536 was not augmented under the same

conditions (S6A–S6C Fig), it is unlikely that enhanced IκBα phosphorylation at Ser32 upon

neddylation blockade resulted from augmented upstream signaling. Rather, these data are con-

sistent with the known role of neddylation in promoting SCFβ-TrCP-mediated degradation of

phosphorylated IκBα [15–17]. Indeed, SeV-induced IκBα degradation and p65 nuclear trans-

location were abrogated (S6A–S6C Fig and S7 Figs). In line with a previous report that a Cullin

1-based ubiquitin ligase is involved in SeV-induced IRF3 degradation [26], SeV-triggered

IRF3 degradation was impaired in NEDD8-deficient or MLN4924-pretreated BMDMs, which

was associated with enhanced IRF3 phosphorylation at Ser396 (S6B and S6C Fig). However,

the reversal of IRF3 protein level in the absence of UBA3 was marginal although the increase

in IRF3 phosphorylation at Ser396 reached statistical significance at 6 h after SeV infection

(S6A Fig). Despite of the significantly defective IFN-α production, SeV-induced IRF7 expres-

sion was not hampered in UBA3-deficient, NEDD8-deficient, or MLN4924-pretreated

BMDMs (S6A–S6C Fig).

The transcriptional activity of mammalian IRF7 depends on covalent

attachment of NEDD8 to its C-terminal lysines

In order to study the function of neddylation on IRF7, it is necessary to identify the potential

modification site(s). As neddylation occurs on specific lysine site(s), all lysines in murine IRF7

(Fig 5A) were individually mutated to arginines. His-tagged NEDD8 was co-transfected with

FLAG-Myc-tagged WT murine IRF7 or mutants in HEK-293T cells. Histidine pulldown

under fully denaturing conditions revealed that most mutation did not hinder murine IRF7

neddylation (S8 Fig), although K398R, K400R, and K406R mutants of murine IRF7 showed

declined modification (Fig 5B). Indeed, mass spectrometry analysis of the precipitates

obtained in S3 Fig revealed that peptides containing Lys398, Lys400, and Lys406 or Lys327
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and Lys329 undergo either neddylation or ubiquitination (S9 Fig). Because mutation of

Lys327 or Lys329 showed no inhibitory effect on murine IRF7 neddylation (S8 Fig), we

decided to focus on Lys398, Lys400, and Lys406. Lysines that are near each other might play

redundant roles as neddylation sites for certain NEDD8 substrates [20,37]. Therefore, we

Fig 5. The transcriptional activity of mammalian IRF7 depends on covalent attachment of NEDD8 to its C-terminal lysines. (A) A schematic representation of

all the lysine residues in murine IRF7. (B) HEK-293T cells were transfected with mammalian expression vectors encoding His-NEDD8 and FLAG-Myc-tagged

murine IRF7 WT or mutants. Twenty-four hours later, the neddylation of exogenous murine IRF7 was examined by IB analysis with the indicated antibodies after

histidine pulldown under fully denaturing conditions. (C) Bacterially expressed His-tagged murine IRF7 WT or mutants were subjected to in vitro neddylation (37˚C,

1 h), followed by IB with the indicated antibodies. (D-G) FLAG-Myc-tagged murine IRF7 WT and mutants were co-transfected with reporter plasmids driven by

Ifna4 promoter or Ifna6 promoter in HEK-293T cells. After 12 h, the cells were treated with 0.5μM MLN4924 for another 24 h or left untreated. Dual-reporter

luciferase (LUC) assays were then performed with the supernatants. Luciferase activity was reported as fold induction (Top). Cell lysates were subjected to IB analysis

with antibodies against Myc tag and β-actin (Bottom). Quantitative data are shown as Mean ± SD (n = 3 ~ 4 per group). ��p< 0.01; ���p< 0.001; NS, not significant.

https://doi.org/10.1371/journal.ppat.1009901.g005
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simultaneously mutated Lys398, Lys400, and Lys406 to arginines (K3R) for further examina-

tion. Indeed, the neddylation of K3R mutant was further suppressed (Fig 5B). The residual

neddylation signals in the K3R mutant may come from Lys327 and Lys329, as suggested by

mass spectrometry analysis (S9 Fig). We also employed the cell-free experimental system to

pinpoint the neddylation sites. Although K398R, K400R, and K406R mutants exhibited similar

modification, the neddylation of K3R mutant was significantly suppressed (Fig 5C). Therefore,

the C-terminal lysines are the major neddylation sites for IRF7 despite that E2-mediated ned-

dylation can easily occur as long as there are any neddylation site(s) in the substrate left.

In this scenario, FLAG-Myc-tagged murine IRF7 WT and mutants were co-transfected

with reporter plasmids driven by Ifna4 promoter or Ifna6 promoter in HEK-293T cells. Dual-

reporter luciferase assays revealed that both Ifna4 promoter and Ifna6 promoter were signifi-

cantly activated by exogenous murine IRF7 (Fig 5D and 5E). However, K398R, K400R, and

K406R mutants of murine IRF7 showed declined effects and K3R mutation almost completely

abrogated the role of murine IRF7 (Fig 5D and 5E). Moreover, MLN4924 treatment signifi-

cantly suppressed the activation of these promoters by murine IRF7 but its inhibitory effects

diminished upon K3R mutation (Fig 5F and 5G). Together, these data suggest that the transac-

tivation ability of IRF7 depends on covalent attachment of NEDD8 to its C-terminal lysines.

The neddylation of mammalian IRF7 facilitates its nuclear translocation

The exact mechanism(s) by which the neddylation of IRF7 enhances its transcriptional activity

are of interest. IRF7 must enter the nucleus to activate the transcription of target genes [1–3].

Unexpectedly, SeV-induced nuclear translocation of GFP-tagged murine IRF7 in HEK-293T

cells was impaired upon K3R mutation (Fig 6A). In this scenario, NEDD8-sufficient and -defi-

cient BMDMs before and after SeV infection for 6 h were subjected to nuclear cytoplasmic

fractionation. IB analysis revealed the nuclear translocation of endogenous IRF7 at 6 h after

SeV infection was impaired in the absence of NEDD8 (Fig 6B). In line with these observations,

co-immunoprecipitation (Co-IP) analysis revealed that K3R mutation hindered SeV-induced

interaction of murine IRF7 with nuclear transcriptional co-activator CBP [4,38] in HEK-293T

cells (Fig 6C). Furthermore, chromatin immunoprecipitation (ChIP) assays demonstrated that

murine IRF7 bound to different Ifna gene promoters in HEK-293T cells after SeV infection for

6 h and such ability diminished upon K3R mutation (Fig 6D). Thus, the neddylation of IRF7

enhances its transcriptional activity through, at least partially, promoting its nuclear

translocation.

The neddylation of mammalian IRF7 prevents its dimerization with IRF5

A prerequisite for the nuclear translocation of IRF7 is its phosphorylation and dimerization

[1–3]. To test how neddylation might affect IRF7 phosphorylation, BMDMs from Nedd8F/F

and Nedd8ΔMye mice were infected with SeV for various periods of time. IB analysis revealed

that NEDD8 deficiency did not hinder SeV-induced phosphorylation of endogenous murine

IRF7 at Ser437/438 (Fig 7A). Notably, the antibody used to detect the phosphorylation of

endogenous IRF7 only yielded weak signal. In this scenario, we also checked how neddylation

blockade could affect the phosphorylation of exogenous IRF7 in HEK-293T cells. As expected,

SeV-induced phosphorylation of exogenous murine IRF7 at Ser437/438 was not affected upon

K3R mutation (Fig 7B) or MLN4924 pretreatment (Fig 7C). On the other hand, Co-IP analysis

revealed that K3R mutation of IRF7 did not hinder its dimerization with IRF3 in HEK-293T

cells after SeV infection for 6 h (Fig 7E), suggesting that the neddylation of IRF7 is not required

for its dimerization. IRF7 can also dimerize with IRF5 through the DNA-binding domain after

viral infection. IRF-5 can function as an Ifna activator when present as homodimers or
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heterodimers with IRF3 but prevent the binding of IRF7 to Ifna gene promoters when interact-

ing with IRF7[39,40]. Therefore, we also analyzed how neddylation might affect IRF5/IRF7

interaction. Co-IP analysis revealed that SeV-induced dimerization of IRF7 with IRF5 was

Fig 6. The neddylation of mammalian IRF7 facilitates its nuclear translocation. (A)Twenty-four hours after HEK-293T cells were

transfected with mammalian expression vectors encoding GFP-tagged murine IRF7 WT and K3R mutant, the cells were infected with

SeV for 6 h or left untreated. Then the subcellular localization of exogenous murine IRF7 was examined via confocal microscopy. (B)

After BMDMs were cultured from Nedd8F/F and Nedd8ΔMye mice, the cells were infected with SeV for 6 h or left untreated. The

subcellular localization of IRF7 was examined by nuclear cytoplasmic fractionation and subsequent IB. GAPDH was regarded as a

cytoplasm marker and H3 as a nucleus marker. (C, D) Twenty-four hours after HEK-293T cells were transfected with the indicated

mammalian expression vectors, the cells were infected with SeV for 6 h or left untreated. Then the interaction between exogenous

murine IRF7 and exogenous murine CBP was determined by Co-IP (C). The specific binding of exogenous murine IRF7 to selected

Ifna gene promoters within the chromatin was analyzed by ChIP with an anti-Myc antibody (D, Top). Immunoprecipitated exogenous

murine IRF7 was analyzed by IB analysis (D, Bottom). Quantitative data are shown as Mean ± SD (n = 3 per group). �p< 0.05; ���p<
0.001.

https://doi.org/10.1371/journal.ppat.1009901.g006
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significantly enhanced upon K3R mutation (Fig 7F). Thus, the neddylation of IRF7 enhances

its transcriptional activity through, at least partially, preventing its dimerization with IRF5, an

Ifna repressor when interacting with IRF7.

Discussion

Using mouse models with myeloid deficiency of UBA3 or NEDD8, we report for the first time

that neddylation contributes to innate immunity against RNA viruses in mammals (Fig 2).

Thus, despite numerous studies indicate that various viruses hijack neddylation for their repli-

cation in CRL-dependent or -independent manners [41], our data offer a warning that it’s dan-

gerous to target neddylation for the prevention or treatment of virus infection diseases.

Furthermore, MLN4924 has been proved to be effective in many diseases and is in clinical tri-

als for the treatment of malignancies [42–47]. It is pivotal to prevent viral infection in the clini-

cal application of MLN4924 or other neddylation inhibitors. Neddylation is essential for RNA

virus-triggered IFN-α expression or Ifna promoter activation in all the cell types tested. It also

Fig 7. The neddylation of mammalian IRF7 prevents its dimerization with IRF5. (A-C) After BMDMs were cultured from Nedd8F/F and Nedd8ΔMye mice or 24 h

after HEK-293T cells were transfected with the indicated mammalian expression vectors, the cells were pretreated with or without MLN4924 (0.5 μM, 3 h), followed by

SeV infection for various periods of time as indicated. Then the phosphorylation and expression of murine IRF7 was detected by IB with the indicated antibodies.

P-IRF7, phosphorylated IRF7 at Ser437/438. (D, E) Twenty-four hours after HEK-293T cells were transfected with the indicated mammalian expression vectors, the cells

were infected with SeV for 6 h or left untreated. Then the interaction between exogenous murine IRF7 and exogenous human IRF3 (D) or exogenous human IRF5 (E)

was determined by Co-IP.

https://doi.org/10.1371/journal.ppat.1009901.g007
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promotes IFN-β expression in mDCs and MEFs and Ifnb1 promoter activation in HEK-293T

cells although such a role is much blunted in macrophages (Figs 1,3 and S2). Despite of the

defective type I IFN production, RNA virus-triggered IRF7 expression in macrophages was

not hampered upon neddylation blockade (S6A–S6C Fig). A previous study has revealed that a

Cullin 1-based ubiquitin E3 ligase mediates ubiquitin-dependent protein turnover of IRF7

before and after viral infection in most cell types [48]. Thus, it is possible that neddylation

blockade enhances the stability of IRF7, which makes up for the compromised Irf7 gene tran-

scription. Indeed, quantitative RT-PCR revealed that the upregulation of Irf7 in BMDMs after

SeV infection for 6 h or 8 h was hampered upon NEDD8 deficiency (S10A Fig). On the other

hand, the stability of IRF7 in BMDMs was enhanced in the absence of NEDD8 (S10B Fig).

Furthermore, we have identified mammalian IRF7 as a neddylation substrate. Lys398,

Lys400, and Lys406 are key sites for the neddylation of murine IRF7 (Fig 5B and 5C). These

key sites are equivalent to Lys444, Lys446, and Lys452 in human IRF7. There’s a report that

Lys444, Lys446, and Lys452 are critical for the activation of human IRF7 as key sites for

K63-linked ubiquitination [49]. However, K3R mutation did not abolish K63-linked ubiquiti-

nation of murine IRF7 in our hands (S11 Fig), suggesting the neddylation of mammalian IRF7

is independent of its K63-linked ubiquitination. Intriguingly, the covalent attachment of

NEDD8 to IRF7 seems to promote the formation of an upshifted band at about 60 kDa (Figs

4E and 7D), which can be recognized by an antibody against IRF7, but not NEDD8 (Fig 4E).

The composition of this band remains unknown. As K3R mutation fails to hinder SeV-

induced phosphorylation of murine IRF7 at Ser437/438 (Fig 7B) and its dimerization with

IRF3 (Fig 7D), it is reasonable to propose that certain post translational modification(s) of

IRF7 other than phosphorylation depend on its neddylation. The relationship between neddy-

lation and other post translational modifications still needs further study.

Importantly, the covalent attachment of NEDD8 to IRF7 is essential for its transcriptional

activity (Fig 5). This finding can explain the abolished IFN-α induction upon neddylation inhi-

bition in all the cell types tested and the diminished IFN-β induction in mDCs, MEFs, and

HEK-293T cells after RNA virus infection (Figs 1,3 and S2).IRF7 should also contribute to

IFN-β induction in macrophages at early phase of RNA virus infection [13]. Indeed, we

observed partially reduced IFN-β expression in NEDD8-deficient or MLN4924-pretreated

BMDMs at early phase (4h) of SeV infection (Figs 1F, 1H and 3B). However, no reduction of

RNA virus-triggered IFN-β expression was observed in the absence of UBA3 (Figs 1B, 1C and

3A). Similarly, the effects of UBA3 deficiency on SeV-triggered IRF3 phosphorylation and deg-

radation are attenuated, as compared to NEDD8 deficiency or MLN4924 pretreatment (S6A–

S6C Fig). Attenuated effects of conditionalUba3 deletion, as compared to conditional Nedd8
deletion, were also observed in neonatal livers [37]. It is possible a yet unknown neddylation

E1 exists in hepatocytes and macrophages, which can play certain redundant role(s) with

UBA3 and can also be inhibited by MLN4924. Another possibility is that UBA3 has certain

neddylation-independent role(s) which partially compensate the effects of neddylation block-

ade. Nevertheless, RNA virus-triggered IFN-α expression in macrophages is significantly

reduced upon UBA3 deficiency (Figs 1B, 1C and 3A). Other antiviral/inflammatory genes

under the control of IRF7 might also be affected by neddylation. Future studies are required to

address these issues.

The underlying mechanisms by which neddylation promotes the transcriptional activity of

mammalian IRF7 are of interest. Unexpectedly, we have found that the neddylation of mam-

malian IRF7 facilitates its nuclear translocation (Fig 6A and 6B) and prevents its dimerization

with IRF5 (Fig 7E), an Ifna repressor when interacting with IRF7. In line with these observa-

tions, we have disclosed that IRF7 neddylation enhances its interaction with nuclear transcrip-

tional co-activator CBP and facilitates its binding to Ifna gene promoters within the chromatin
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(Fig 6C and 6D). In addition, the neddylation of IRF7 might render it to interact with compo-

nent(s) of the nuclear transcriptional machinery with domains (CUBAN, UIM, UBA [50,51])

that could bind to NEDD8, which might also affect its transcriptional activity.

The neddylation of zebrafish IRF3 was also detected under the conditions of co-overexpres-

sion with NEDD8 in HEK-293T cells [28]. However, our data have excluded the neddylation

modification of mammalian IRF3 (Fig 4A). Instead, we have observed SeV-induced IRF3 deg-

radation is impaired upon neddylation blockade in macrophages, which is associated with

enhanced IRF3 phosphorylation at Ser396, although such effects are marginal in the case of

UBA3 deficiency (S6A–S6C Fig). In line with a previous report [26], these effects of neddyla-

tion inhibition diminished upon Cullin 1 knockdown (S12 Fig). Thus, neddylation promotes

SeV-induced IRF3 degradation through a Cullin 1-based ubiquitin ligase and thereby inhibits

SeV-induced IRF3 phosphorylation. However, the regulation of RNA virus-induced IRF3 acti-

vation by neddylation may be very complicated. Because the neddylation of IRF7 promotes its

nuclear translocation without enhancing its dimerization with IRF3 (Figs 6A, 6B and 7D), it is

highly possible that the nuclear translocation of IRF3/IRF7 heterodimers is also facilitated by

IRF7 neddylation. In this regard, IRF7 neddylation should enhance the transcriptional activity

of IRF3/IRF7 heterodimers as well as IRF7 homodimers.

DNA and RNA viruses all activate transcription factors NF-κB, IRF3, and IRF7 by the same

kinases in a given cell context, although through different upstream pattern recognition recep-

tor pathways [1,3]. Intriguingly, HSV-1 only shows modest effects on IRF7 neddylation

whereas SeV significantly enhances IRF7 neddylation in a time-dependent manner (Fig 4D).

Both viruses exhibit marginal effects on Cullin 1 neddylation but might enhance global neddy-

lation since more neddylated proteins were detected by histidine pulldown after viral infection

(Fig 4D). Thus, it is possible that certain component(s) in RNA viruses activate the NEDD8 E3

(s) for IRF7.Furthermore, HSV-1-induced IRF7 expression in macrophages was very weak

while potent IRF7 induction occurred after SeV infection, even though HSV-1 induced more

potent IRF3 phosphorylation at Ser396 (S4 Fig). Thus, it is reasonable to propose that, at least

in macrophages, IRF7 neddylation plays a more important role in RNA virus infection than in

DNA virus infection, although it might also contribute to DNA virus-induced type I IFN

production.

As for NF-κB pathway, at the dose that both SeV and HSV-1 potently induced NF-κB p65

phosphorylation at Ser536 in macrophages, only HSV-1 induced efficient IκBα degradation

(S4 Fig, Last lane). Indeed, we previously observed efficient NF-κB p65 nuclear translocation

after HSV-1 infection [24], whereas SeV-induced NF-κB p65 nuclear translocation was partial

(S7 Fig). Consistently, NF-κB inhibitor JSH-23 significantly dampens HSV-1-induced early

phase IFN-β expression and the inhibitory effects of neddylation blockade on early phase IFN-

β expression diminishes in the presence of NF-κB inhibitor JSH-23 [24]. On the other hand,

NF-κB has been reported to contribute to IFN-β production at early phase of RNA virus infec-

tion only when IRF3 activation is weak [25]. Since SeV-triggered IRF3 activation in macro-

phages is potent and neddylation blockade always leads to enhanced IRF3 phosphorylation at

Ser396 (S6A–S6C Fig), it is reasonable to propose the role of NF-κB in SeV-triggered IFN-β
production in macrophages is marginal upon neddylation blockade. Future studies are

required to address the interplay between these pathways.

Materials and methods

Ethics statement

All animal work in this study was approved by the Institutional animal care and use committee

of Beijing Institute of Basic Medical Sciences (Permit number: AMMS2015-0119), and was
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performed in strict accordance with the Guide for the Care and Use of Laboratory Animals in

Research of the People’s Republic of China. All efforts were made to minimize suffering.

Mice

Mice homozygous for a Uba3 conditional allele (Uba3F/F) or a Nedd8 conditional allele

(Nedd8F/F) on a C57BL/6 background have been described [24,37,52]. Uba3F/F; Lyz2-Cre (named

as Uba3ΔMye) and Nedd8F/F; Lyz2-Cre (named as Nedd8ΔMye) mice of C57 BL/6 strain were then

generated. All mice were bred and maintained under specific pathogen-free conditions and

used between 8 to 9 weeks of age.

Virus

Influenza A/Puerto Rico/8/1934 H1N1 virus was provide by State Key Laboratory of Pathogen

and Biosecurity, Beijing Institute of Microbiology and Epidemiology. SeV and HSV-1 were

kindly provided by Dr. Zhengfan Jiang (Peking University). SeV and H1N1 were propagated

in embryonated chicken eggs and HSV-1 was propagated in HeLa cells. For cell-based assays,

cells were infected with SeV (1 MOI or serially diluted), HSV-1 (1 MOI or serially diluted), or

H1N1 (5 MOI) for the indicated time periods. For in vivo infection, each mouse was anaesthe-

tized and then challenged intranasally with 500 PFU H1N1 in 40 μl virus collection medium.

Plasmids and siRNAs

Mammalian expression vectors encoding FLAG-Myc-tagged murine IRF7 (Cat. No.

MR225814), FLAG-tagged human IRF3 (Cat. No. HG12007), FLAG-tagged murine CBP (Cat.

No. 32908), and FLAG-tagged human IRF5 (Cat. No. CH890176) were obtained from Origene

(Rockville, MD, USA), Sino Biological Inc. (Beijing, China), Addgene (Watertown, MA, USA)

[53], and Vigenebio (Jinan, Shandong, China), respectively. Prokaryotic expression vector

encoding His-tagged murine IRF7 was generated by cloning a synthetic gene with optimized

codons into pET-28a vector and confirmed by DNA sequencing. The mutants of IRF7 were

constructed using Fast Mutagenesis System kit (Cat. No. FM111, TransGen Biotech, Beijing,

China). His-tagged NEDD8 plasmid and HA-tagged K63onlyUb plasmid have been described

previously [37,54]. pEZX-PG04 reporter plasmids carrying Gaussia Luciferase (GLuc) gene

driven by Ifn-α4 promoter (-1441~ +29, Cat. No. MPRM41250) or Ifn-α6 promoter (-1450~

+1, Cat. No. MPRM52342) were ordered from Genecopia (Rockville, MD, USA). Ifnb1 lucifer-

ase reporter and pRL control vector were kindly provided by Dr. Hui Zhong (Beijing Institute

of Biotechnology) and has been described previously [55]. Murine UBA3 siRNA (CCTGA-

CATCTAGAGTATAT), human UBA3 siRNA (CACAGACTGTACTATTCAATT), Cullin 1

siRNA (GCCATTGAATAAACAGGTA), and the non-targeting control (NC) siRNA were

purchased from Shanghai Gene Pharma (Shanghai, China).

Cell culture and transfection

Bone marrow-derived macrophages and myeloid dendritic cells were obtained by culturing

the nonadherent bone marrow cells in RPMI-1640 medium containing 15% (v/v) FBS, 2 mM

L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and 50 mM 2-ME with 100 ng/ml

M-CSF (Cat. No. 216-MC-025, R&D Systems, Minneapolis, MN, USA) or 20 ng/ml GM-CSF

(Cat. No. 500-P65) and 10 ng/ml IL-4 (Cat. No. 214–14, Peprotech, Rocky Hill, NJ, USA) for 7

days, respectively. The survival of BMDMs was monitored with ATPlite 1step Luminescence

Assay System (Cat. No. 50-904-9883, PerkinElmer, Waltham, MA, USA). Cell lines and MEFs

were cultured in DMEM complete medium. Plasmids and siRNAs were transfected with
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Lipofectamine 2000 (Cat. No. 52887) and Lipofectamine RNAiMAX (Cat. No. 13778075, Invi-

trogen, Carlsbad, CA, USA), respectively, according to the manufacture’s protocols.

ELISA

The levels of type I IFNs in the serum and cell culture supernatants were determined using

ELISA kits according to the manufacturers’ protocols. IFN-α ELISA kit (Cat. No. 42120–1)

was from PBL Assay Science (Piscataway, NJ, USA). IFN-β ELISA kit (Cat. No. 439407) was

from Biolegend (San Diego, CA, USA).

Histology and immunohistochemistry

Lung tissues were removed from mice and fixed in 10% buffered formalin for at least 24 h,

dehydrated, and infiltrated with paraffin. 5 μm paraffin sections were then prepared and

stained with hematoxylin and eosin (H & E) for bright field microscopy. IHC was performed

using standard protocols with citrate buffer (pH 6.0) pretreatment. Briefly, formaldehyde-

fixed and paraffin-embedded lung sections were incubated with an antibody against F4/80

(Cat. No. sc-52664, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4˚C overnight and

then with horseradish peroxidase-conjugated secondary antibodies at 37˚C for 30 min. The

sections were finally incubated with diaminobenzidine and counterstained with hematoxylin

for detection.

Quantitative RT-PCR

Total RNA was extracted with Trizol reagent (Life Technologies, CA, USA). A total amount of

1 μg RNA per sample was used as input material for sample preparations. First-strand synthe-

sis was performed with Oligo dT primers and reverse transcription was performed with

M-MLV reverse transcriptase (Cat. No. B24403, Bimake, Shanghai, China). The amplification

was performed with SYBR Green Realtime PCR Mix (Cat. No. QPK-201, TOYOBO Life Sci-

ences, Tokyo, Japan) on a CFX96 Real-Time System (BIO-RAD, Hercules, CA, USA). Relative

expression of target genes was normalized to the Gapdh internal control (2-ΔΔCt method). The

primer sequences were listed in S1 Table.

IB and Co-IP

IB and Co-IP were carried out as described previously [37,56]. Cells were harvested in RIPA

buffer (50mM Tris-HCl, pH 7.5, 1% NP40, 0.35% DOC, 150mM NaCl, 1mM EDTA, 1mM

EGTA, supplemented with protease and phosphatase inhibitor cocktails) or IP lysis buffer

(10mM Tris-HCl, pH 7.5, 2mM EDTA, 1% NP40, 150mM NaCl, supplemented with protease

and phosphates inhibitor cocktail). Nuclear cytoplasmic fractionation was performed with a

commercial kit (Cat. No. P0027, Beyotime Biotechnology, Shanghai, China) according to the

manufacturer’s protocol. Primary antibodies used are listed in S2 Table.

In vivo neddylation assay with histidine pulldown

Histidine pulldown assays were performed as described previously [37,57]. In brief, the trans-

fected cells were lysed in buffer A (6 M guanidine-HCl, 0.1 M Na2HPO4/NaH2PO4, 10 mM

imidazole, pH 8.0). After sonication, lysates were centrifuged at 10,000 g for 30 min at 4˚C,

and the supernatant fractions were incubated with nickel-nitrilotriacetic acid (Ni-NTA) resin

(Qiagen, Hilden, Germany) overnight at room temperature. Histidine pulldown products

were washed sequentially once in buffer A, twice in buffer A and buffer TI (25 mM Tris-Cl
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and 20 mM imidazole, pH 6.8) mixture (buffer A: buffer TI = 1:3), and once in buffer TI. Pre-

cipitates were separated by SDS-PAGE for IB analysis.

In vivo neddylation assay with IP

Cells were solubilized in modified lysis buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 10%

glycerol, 1 mM EDTA, 1 mM EGTA, 1% SDS, 1 mM Na3VO4, 1 mM DTT, and 10 mM NaF)

supplemented with protease inhibitor cocktail, as previously described [37]. The cell lysates

were incubated at 60˚C for 10 min, followed by 10 times dilution with modified lysis buffer

without SDS. After sonication, samples were incubated at 4˚C for 1 h with rotation, followed

by centrifugation (14,000 rpm) for 30 min at 4˚C. After the protein concentration was deter-

mined by the Bradford assay, appropriate amounts (0.5–1.5 mg) of protein were used for IP.

Immunoprecipitated proteins were washed with washing buffer (50 mM Tris-Cl, pH 7.4, 500

mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, 1 mM DTT, and 10 mM NaF)

three times, boiled in SDS sample buffer, and separated on SDS-PAGE. To detect neddylation

sites, smear bands were cut and subjected to mass spectrometry after silver staining. The mass

spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via

the PRIDE [58] partner repository with the dataset identifier PXD024052 (http://www.ebi.ac.

uk/pride/archive/projects/PXD024052).

In vitro neddylation assay

Bacterially expressed His-tagged murine IRF7 WT and mutants were purified with Ni-NTA

resin (Qiagen). In vitro neddylation of His-IRF7 (200 ng in each sample, 37˚C, 1 h) was per-

formed with a commercial kit (Cat. No. BML-UW0590, Enzo Life Sciences, Farmingdale, NY,

USA), according to the manufacturer’s instructions. The neddylation of His-IRF7 was ana-

lyzed by IB.

Dual-reporter luciferase assay

HEK-293T cultured in 24-well plates were transfected with 50 ng pEZX-PG04 reporter plas-

mids carrying GLuc gene driven by Ifna4 or Ifna6 promoter. The reporter vector also contains

Secreted Alkaline Phosphatase (SEAP) gene under the control of constitutively active CMV

promoter, which allows normalization of Gluc signal for greater accuracy. Both Gluc and

SEAP are secreted reporter proteins, permitting detection without cell lysis. Twenty-four

hours after transfection, cells were infected with SeV for 24 or 36 h or left untreated. Ifna4 and

Ifna6 gene promoter activity was then measured with the Secrete-Pair Dual Luminescence

Assay Kit (Cat. No. LF032, Genecopia) according to the manufacturer’s protocol.

HEK-293T cultured in 24-well plates were transfected with 50 ng Ifnb1 luciferase reporter

carrying firefly luciferase gene driven by Ifnb1 promoter and 10 ng pRL control vector carrying

Renilla luciferase gene under the control of constitutively active SV40 promoter. 24 h after

transfection, cells were infected with SeV for 24 h or left untreated. Then cells were lysed and

the luciferase activity was measured with the Dual Luciferase Reporter Assay kit (Promega).

ChIP

A SimpleChIP1 Plus Sonication ChIP kit (Cat. No. 56383, Cell Signaling Technology, Dan-

vers, MA, USA) was used for this purpose. Briefly, single-cell suspensions were harvested and

fixed for 10 min at room temperature with 1% formaldehyde. After shearing the genomic

DNA by sonication, Protein G Magnetic Beads and mouse anti-Myc-tag antibody (Cat. No.

598, MBL International, Woburn, MA, USA) or normal mouse IgG were added into each
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sample, followed by incubation at 4˚C overnight with rotation. After reversal of protein-DNA

cross-links, the DNA was purified using DNA purification spin columns and subjected to

quantitative PCR. The primer sequences were listed in S1 Table.

Statistical analysis

All experiments were repeated at least three times with consistent results. All statistical analy-

ses were performed with GraphPad Prism software version 6.01 (GraphPad Software Inc., San

Diego, CA, USA). Differences among experimental groups were assessed using analysis of vari-

ance (ANOVA) or two-tailed Student’s t test. Kaplan-Meier curves of overall survival were

compared using the log-rank test. p values less than 0.05 were considered statistically

significant.

Supporting information

S1 Fig. Effects of myeloid neddylation blockade on the frequencies of macrophages in vivo.

Flow cytometric analysis of F4/80+CD11b+macrophage populations in peripheral blood (PB),

bone marrow (BM), spleen (SP), and peritoneal cavity (PC) of Uba3ΔMye and Nedd8ΔMye mice

and their control littermates (n = 6 per group).

(TIF)

S2 Fig. Effects of neddylation blockade on SeV-triggered type I IFN production in MEFs.

(A) IB analysis to confirm the efficiency of MLN4924 pretreatment (0.5 μM, 3 h) in MEFs. (B)

After MLN4924 pretreatment (0.5 μM, 3 h), MEFs were infected with SeV for the indicated

time periods. Then the supernatants were subjected to ELISA. Quantitative data are shown as

Mean ± SD (n = 3 per group). ���p< 0.001.

(TIF)

S3 Fig. In vivo neddylation assay of exogenous murine IRF7 with IP. HEK-293T cells were

transfected with the indicated mammalian expression vectors. Twenty-four hours later, possi-

ble neddylation of exogenous murine IRF7 was examined by IB analysis with the indicated

antibodies after IP under partially denaturing conditions with an antibody against GFP.

(TIF)

S4 Fig. Different effects of SeV and HSV-1 on innate immune signaling. WT BMDMs were

infected with different doses of the indicated viruses for 6 h. Cell lysates were then harvested

and subjected to IB analysis with the indicated antibodies. P-p65, phosphorylated p65 at

Ser536; P-IRF3, phosphorylated IRF3 at Ser396; ns, non-specific band.

(TIF)

S5 Fig. The interaction between IRF7 and Ubc12. IB analysis of the interaction between

endogenous IRF7 and endogenous Ubc12 in SeV-infected Raw264.7 after IP with an anti-IRF7

antibody (Left) or an anti-Ubc12 antibody (Right). Control antibody: rabbit IgG; IgG HC, IgG

heavy chain; ns, non-specific.

(TIF)

S6 Fig. Neddylation does not promote RNA virus-induced IRF7 expression. (A-C) After

BMDMs were cultured from the indicated mouse models (A-B) or WT BMDMs were pre-

treated with 0.1 μM MLN4924 for 3 h (C), the cells were infected with SeV for the indicated

time periods. Cell lysates were then harvested and subjected to IB analysis with the indicated

antibodies (Top). P-TBK1, phosphorylated TBK1 at Ser172; P-p65, phosphorylated p65 at

Ser536; P-IκBα, phosphorylated IκBα at Ser32; P-IRF3, phosphorylated IRF3 at Ser396; ns,

non-specific band. The density of the indicated bands was quantified by scanning
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densitometry and normalized to β-actin (Bottom). Quantitative data are shown as Mean ± SD

(n = 3 per group). �p< 0.05; ��p< 0.01; ���p< 0.001; NS, not significant.

(TIF)

S7 Fig. SeV-triggered NF-κB p65 nuclear translocation in the presence and absence of

UBA3. Six hours after BMDMs from Uba3F/F and Uba3ΔMye mice were infected with SeV or

left uninfected, the nuclear translocation of NF-κB was examined by indirect immunofluores-

cence analysis with an antibody against p65 (Scale bar, 10 μm).

(TIF)

S8 Fig. Effects of lysine to arginine mutation on IRF7 neddylation. HEK-293T cells were

transfected with mammalian expression vectors encoding His-NEDD8 and FLAG-Myc-tagged

murine IRF7 WT or mutants. Twenty-four hours later, neddylation of exogenous murine

IRF7 was examined by IB analysis with the indicated antibodies after histidine pulldown under

fully denaturing conditions.

(TIF)

S9 Fig. Possible neddylated peptides of murine IRF7 as revealed by mass spectrometry

analysis.

(PDF)

S10 Fig. Effects of NEDD8 deficiency on SeV-induced Irf7 mRNA upregulation and IRF7

stability. (A) BMDMs from Nedd8F/F and Nedd8ΔMye mice were infected with SeV for the

indicated time periods. Then cells were subjected to quantitative RT-PCR analysis. Data are

shown as Mean ± SD (n = 4 per group). �p< 0.05; ��p< 0.01; NS, not significant. (B) After

BMDMs from Nedd8F/F and Nedd8ΔMye mice were infected with or without SeV for 6 h, the

cells were treated with 10 μg/mL cycloheximide (CHX) for various periods of time. Then, the

half-life of IRF7 was analyzed by IB. ns, non-specific band. Densitometric readings are shown

for IRF7 and normalized to β-actin.

(TIF)

S11 Fig. Effects of neddylation on K63-linked ubiquitination of murine IRF7. HEK-293T

cells were transfected with mammalian expression vectors encoding HA-K63onlyUb and

FLAG-Myc-tagged murine IRF7 WT or K3R mutant. After 12 h, cells were treated with 0.5μM

MLN4924 for another 24 h or left untreated. The modification of exogenous murine IRF7 was

then examined by IB analysis with the indicated antibodies after IP with an antibody against

Myc-tag. IgG HC, IgG heavy chain.

(TIF)

S12 Fig. Effects of UBA3 and Cullin 1 on SeV-induced IRF3 phosphorylation in MEFs.

Forty-eight hours after MEFs were transfected with the indicated siRNAs, cells were infected

with SeV for the indicated time periods. Cell lysates were then harvested and subjected to

immunoblotting analysis with the indicated antibodies. P-TBK1, phosphorylated TBK1 at

Ser172; P-IRF3, phosphorylated IRF3 at Ser396; ns, non-specific band.

(TIF)

S1 Table. Primers for quantitative RT-PCR.

(PDF)

S2 Table. Primary antibodies used in this study.

(PDF)
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