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 Viral infection initiates a series of signaling cascades that activate the transcription factors nuclear factor kappa 
B and interferon regulatory factor 3, which collaborate to induce transcription of genes for type I interferons (IFNs) 
and other cytokines. Here we report that the deubiquitinating enzyme ubiquitin-specific protease 17 (USP17) is re-
quired for virus-induced RIG-I- and melanoma differentiation-associated protein-5 (MDA5)-mediated type I IFN 
signaling. Knockdown of endogenous USP17 inhibited virus-, cytoplasmic poly(I:C)- and poly(dA:dT)-induced ac-
tivation of the IFN-β promoter and cellular antiviral responses. We further found that knockdown of USP17 inhib-
ited RIG-I- and MDA5-induced but not downstream activator-induced activation of the IFN-β promoter, which was 
correlated with an increase in ubiquitination levels of RIG-I and MDA5. Taken together, our findings suggest that 
USP17 functions through deubiquitination of RIG-I and MDA5 to regulate virus-induced type I IFN signaling.
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Introduction

Viral infection triggers a series of signaling events that 
lead to induction of type I interferons (IFNs), including 
IFN-β and IFN-α family cytokines [1-3]. Type I IFNs 
initiate a series of signaling cascades, leading to tran-
scriptional activation of a wide range of genes. The prod-
ucts of these genes collaborate to orchestrate inhibition 
of viral replication or clearance of virus-infected cells, 
leading to innate antiviral responses [1-3]. Therefore, 
type I IFNs play central roles in host defense against in-
vading viruses.

Studies during the past decade have revealed a work-
ing model on virus-triggered type I IFN signaling. Viral 
infection generates double-stranded RNA (dsRNA) and 

5′ triphosphorylated single-stranded RNA (5′pppssRNA), 
which are recognized by retinoic acid-inducible gene I 
(RIG-I)-like receptors (RLRs) and Toll-like receptors 
(TLRs) [4-6]. The receptors then undergo conformation-
al changes and recruit downstream adaptor proteins and 
kinases, leading to activation of transcription factors such 
as nuclear factor kappa B (NF-κB) and interferon regula-
tory factor 3 (IRF3) that collaborate to induce production 
of type I IFNs. For example, engagement of TLR3 by 
dsRNA triggers TRIF-mediated signaling. TRIF on the 
one hand recruits TRAF6/RIP and inhibitor of nuclear 
factor kappa-B kinase subunit alpha (IKKα)/β/γ complex 
for activation of NF-κB, and on the other hand, recruits 
TRAF3 and TANK-binding kinase 1 (TBK1)/IKKε for 
activation of IRF3 [7-10]. The RLR family cytoplasmic 
receptors RIG-I and melanoma differentiation-associated 
protein-5 (MDA5) bind to viral RNA and are recruited to 
the mitochondrial adaptor protein virus-induced signaling 
adaptor (VISA, also known as MAVS, IPS-1 and Cardif) 
[11-14]. VISA interacts with MITA (also called STING) 
and TRAF3, and the VISA-MITA-TRAF3 complex pro-
vides a platform for TBK1-mediated phosphorylation 
of IRF3 [15, 16]. VISA is also associated with TRAF6, 
which activates NF-κB through the IKK complex [11]. 
Recently, it has been demonstrated that RNA polymerase 
III recognizes invading viral DNA and AT-rich dsDNA 
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(poly(dA:dT)) and transcribes them into RNAs with the 
5′ppp structure, which initiates RIG-I-mediated signaling 
[17, 18].

Deubiquitinating enzymes (DUBs) are proteases that 
cleave ubiquitin or ubiquitin-like proteins from propro-
teins or conjugates with target proteins. About 100 puta-
tive DUBs are encoded by the human genome, and they 
belong to five different families [19], including ubiquitin-
specific proteases, carboxy-terminal hydrolases, otubain 
proteases, the Machado-Joseph disease protease and the 
metallo-proteases referred to as JAMM. Like ubiquit-
ination, deubiquitination is a highly regulated process 
that has been implicated in numerous cellular functions, 
including cell cycle regulation [20], proteaosome- and 
lysosome-dependent protein degradation [21-23], gene 
expression [24], signal transduction [25], kinase activa-
tion [26], and more [19, 27].

Virus-induced type I IFN signaling pathways are 
tightly controlled by ubiquitination and deubiquitination. 
Several ubiquitin ligase enzymes have been identified to 
regulate these processes [28-35]. However, only a few 
DUBs are known to regulate these pathways: A20 was 
shown to negatively regulate the RIG-I-induced antivi-
ral state [36], DUBA was identified to be required for 
efficient deubiquitination of TRAF3 and to function as 
a negative regulator of innate immune responses [25], 
and CYLD, known as a tumor suppressor, was recently 
reported to negatively regulate the activation of TBK1/
IKKε [37].

In this study, we identified that the ubiquitin-specific 
protease 17 (USP17, also called DUB3) was required for 
virus-triggered expression of type I IFNs by screening a 
cDNA library encoding DUBs. Knockdown of USP17 
by RNAi inhibited Sendai virus (SeV)-triggered activa-
tion of IRF3, production of IFN-β and cellular antiviral 
response. In addition, knockdown of USP17 enhanced 
the ubiquitination levels of RIG-I and MDA5 and re-
duced SeV-induced expression of RIG-I and MDA5. Our 
data collectively provide evidence that the USP family 
member USP17 is required in virus-triggered type I IFN 
signaling.

Results

Identification of USP17 as a regulator of virus-induced 
type I IFN signaling

To identify potential DUBs that regulate virus-trig-
gered signaling, we screened a pool of 40 cDNA clones 
encoding DUBs obtained from Origene and constructed 
in our laboratory for their abilities to regulate SeV-in-
duced activation of the IFN-β promoter in reporter assays 
in 293 cells. This effort identified USP17 when overex-

pressed as a potent inhibitor of SeV-induced activation of 
the IFN-β promoter.

USP17 has been demonstrated to be expressed ubiqui-
tously in various tissues and cells and to play important 
roles in cell proliferation and viability [38, 39]. To con-
firm the effect of USP17 in virus-induced innate immune 
response, we made independent mammalian expression 
plasmids for USP17. In reporter assays, USP17 expres-
sion strongly inhibited Sev-induced activation of the 
IFN-β promoter (Figure 1A and Supplementary informa-
tion, Figure S1). In similar assays, we found that over-
expression of USP17 inhibited SeV-induced activation 
of NF-κB and IFN-stimulated response element (ISRE) 
(Figure 1B and 1C) and TNFα-induced activation of 
NF-κB (Figure 1C), suggesting that overexpression of 
USP17 regulates various signaling pathways.

Because USP17 is a deubiquitination enzyme, we de-
termined whether USP17 mediates deubiquitination of 
molecules involved in virus-triggered signaling. Unex-
pectedly, we found that USP17 overexpression strongly 
abolished the ubiquitination levels of all examined pro-
teins, such as MDA-5, RIG-I, VISA, MITA, IKKε and 
TRAF3 (Figure 1D). The abolishment of polyubiquitin 
chains conjugated to these proteins is caused by the non-
specific cleavage effect of overexpression of USP17, as 
evidenced by the fact that USP17 abolished the ubquit-
ination of cellular proteins and/or cytosolic synthesized 
polyubiquitin chains, whereas USP5 or DUBA did not 
(Figure 1E). These results suggest that overexpression 
of USP17 exhibits global and most probably nonspecific 
deubiquitination enzymatic activities towards various 
cellular proteins and/or polyubiquitin chains.

USP17 is required for virus-induced type I IFN signaling
Because overexpression of USP17 exhibited nonspe-

cific enzymatic activity, we examine the physiological 
roles of USP17 in virus-triggered signaling. We made 
three RNAi expression vectors containing different se-
quences targeting the human USP17 mRNA. Transient 
transfection and immunoblot analysis indicated that these 
vectors could inhibit expression of both overexpressed 
and endogenous USP17 (Figure 2A).

Interestingly, these three USP17 RNAi vectors mark-
edly inhibited SeV-induced activation of the IFN-β pro-
moter in reporter assays in 293 cells, and the degrees of 
inhibition were correlated to the knockdown efficiencies 
of USP17 expression by each RNAi vector (Figure 2B). 
(The #3 USP17-RNAi plasmid was used for all the ex-
periments described below if not specified otherwise. 
Similar results were obtained with the other USP17-
RNAi plasmids.) Consistent with these observations, 
knockdown of USP17 inhibited SeV-induced transcrip-
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tion of endogenous IFNB1 and RANTES genes (Figure 
2C) and the production of IFN-β proteins (Figure 2D) 
in 293 cells. Because USP17 knockdown negatively 
regulated SeV-triggered type I IFN signaling, we ex-
amined the physiological roles of USP17 in cellular 
antiviral response. In plaque assays, the production of 
VSV increased in USP17 knockdown cells (Figure 2E). 

These data suggest that knockdown of USP17 negatively 
regulates cellular antiviral response. We also determined 
whether endogenous USP17 is involved in regulation of 
virus-induced signaling in other cell types. We found that 
USP17 knockdown also inhibited SeV-induced activa-
tion of the IFN-β promoter in A549 and human primary 
monocyte-derived dendritic cells (DCs) (Figure 2F). In 

Figure 1 USP17 inhibits virus-induced type I IFN signaling. (A) USP17 inhibits SeV-induced activation of the IFN-β promoter. 
293 cells (1 × 105) were transfected with an IFN-β luciferase reporter plasmid (0.1 µg) and USP17 expression plasmid (0.3 
µg). At 18 h after transfection, cells were left uninfected or infected with SeV for 12 h before luciferase assays were per-
formed. Graphs show mean ± SD, n = 3. (B) USP17 inhibits SeV-induced activation of ISRE. The experiments were done 
similarly as in (A), except that the ISRE luciferase reporter plasmid was used. Graphs show mean ± SD, n = 3. (C) USP17 
inhibits SeV- and TNF-α-induced activation of NF-κB. 293 cells (1 × 105) were transfected with an NF-κB luciferase reporter 
plasmid (0.1 µg) and USP17 expression plasmid (0.3 µg). At 18 h after transfection, cells were treated with TNF-α (20 ng/ml), 
or infected with SeV, or left untreated for 12 h before luciferase assays were performed. Graphs show mean ± SD, n = 3. (D) 
USP17 deubiquitinates components of virus-triggered signaling pathway. 293 cells (1 × 106) were transfected with the indi-
cated expression plasmids (5 µg each). 24 h later, cell lysates were immunoprecipitated (IP) and re-immunoprecipitated with 
the indicated antibodies; the immunoprecipitates were analyzed by immunoblots with anti-Flag (left upper panel) and anti-HA 
(right upper panel) antibodies. Expression of transfected plasmids was detected by anti-HA (left lower panel) and anti-Flag 
(right lower panel). The experiments were repeated three times with similar results. (E) USP17 deubiquitinates cellular pro-
teins. 293 cells (2 × 105) were transfected with HA-tagged ubiquitin (0.1 µg) and the indicated expression plasmids (0.5 µg); 
18 h later, immunoblot analysis was performed with anti-HA (upper panel) and anti-Flag (lower panel). The experiments were 
repeated three times with similar results.
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Figure 2 USP17 is required for virus-induced type I IFN signaling. (A) Effects of USP17 RNAi plasmids on expression of 
transfected and endogenous USP17. In the left panel, 293 cells (2 × 105) were transfected with the indicated expression plas-
mids (0.1 µg each) and RNAi plasmids (1 µg). At 36 h after transfection, cell lysates were analyzed by immunobloting with an-
ti-Flag. In the right panels, 293 cells (2 × 105) were transfected with control or USP17 RNAi plasmids (1 µg); 36 h after trans-
fection, RT-PCR experiments were performed with specific USP17 (upper) or GAPDH (lower) primers. The experiments were 
repeated three times with similar results. (B) Effects of USP17 knockdown on SeV-induced activation of the IFN-β promoter 
in 293 cells. 293 cells (1 × 105) were transfected with the IFN-β reporter and the indicated RNAi plasmids (0.5 µg each) for 24 
h, then infected with SeV or left uninfected for 12 h before reporter assays were performed. Graphs show mean ± SD, n = 3. 
(C) Effects of USP17 knockdown on SeV-induced expression of downstream genes. 293 cells (2 × 105) were transfected with 
the indicated RNAi plasmid (1 µg each). 24 h after transfection, cells were left uninfected or infected with SeV for 12 h before 
RT-PCR was performed. The experiments were repeated three times with similar results. (D) Effects of USP17 knockdown on 
SeV-induced production of IFN-β proteins. 293 cells (2 × 105) were transfected with the indicated RNAi plasmid (1 µg each). 
Twenty-four hours after transfection, cells were left uninfected or infected with SeV; 1 h later the medium was changed, and 
24 h later the supernatants were collected for ELLISA. The experiments were repeated three times with similar results. (E) 
Knockdown of USP17 potentiated VSV replication. 293 cells (1 × 105) were transfected with USP17 RNAi or control plasmid; 
24 h after transfection, the cells were infected with VSV (MOI = 0.1). The supernatants were harvested 24 h after infection for 
standard plaque assays. The experiments were repeated three times with similar results. (F) Effects of USP17 knockdown 
on SeV-induced activation of the IFN-β promoter in A549 cells and human primary DCs. A549 cells (1 × 105) or DCs (1 × 106) 
were transfected with the indicated plasmids. Twenty-four hours after transfection, cells were left uninfected or infected with 
SeV for 16 h before reporter assays were performed. Graphs show mean ± SD, n = 3. (G) Effects of USP17 knockdown on 
IFN-γ-induced activation of the IRF-1 promoter and TNF-α-induced activation of NF-κB. In the left panel, the experiment was 
performed similarly as in (B), except that the IRF1 luciferase reporter plasmid was used and transfected cells were treated 
with IFN-γ (100 ng/ml). In the right panel, the experiment was performed similarly as in (B), except that the NF-κB luciferase 
reporter plasmid was used, and transfected cells were treated with TNF-α (20 ng/ml). Graphs show mean ± SD, n = 3.
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similar experiments, knockdown of USP17 had no ob-
vious effects on IFN-γ-induced activation of the IRF1 
promoter or on TNF-induced activation of NF-κB (Fig-
ure 2G). These data suggest that USP17 is specifically 
required for virus-triggered signaling in various types of 
cells.

It has been demonstrated that induction of type I IFNs 
requires coordinative and cooperative action of the tran-
scription factors IRF3 and NF-κB. We examined whether 
USP17 is involved in virus-triggered activation of IRF3 
and NF-κB. Results from reporter assays showed that 
knockdown of USP17 inhibited SeV-induced activation 
of ISRE and NF-κB, and the degrees of inhibition were 
correlated to the knockdown efficiencies of USP17 ex-
pression (Figure 3A and 3B). Consistent with these data, 
knockdown of USP17 inhibited SeV-induced phosphory-

lation (Figure 3C) and dimerization (Figure 3D) of IRF3. 
These data collectively suggest that USP17 is required 
for virus-induced activation of IRF3 and NF-κB and ex-
pression of IFN-β.

USP17 regulates virus-triggered signaling at the RLR 
level

Previous studies suggest that cytoplasmic poly(I:C) 
is recognized by MDA5, while transfected poly(dA:dT) 
is transcribed into 5′pppssRNA, which is recognized 
by RIG-I [40]. We next examined whether USP17 is 
required for RIG-I- or MDA5-mediated signaling. In 
reporter assays, knockdown of USP17 inhibited both 
cytoplasmic poly(I:C)- and poly(dA:dT)-induced ac-
tivation of the IFN-β promoter (Figure 4A and 4B), 
whereas knockdown of USP17 had no obvious effects 

Figure 3 Knockdown of USP17 inhibits SeV-induced activation of ISRE and NF-κB. (A) Effects of USP17 knockdown on 
SeV-induced activation of the ISRE in 293 cells. The experiment was performed similarly as described in Figure 2B, except 
that the ISRE luciferase reporter plasmid was used. Graphs show mean ± SD, n = 3. (B) Effects of USP17 RNAi plasmids on 
SeV-induced activation of NF-κB in 293 cells. The experiment was performed similarly as described in Figure 2B, except that 
the NF-κB luciferase reporter plasmid was used. Graphs show mean ± SD, n = 3. (C) Effects of USP17 knockdown on SeV-
induced phosphorylation of IRF3. 293 cells (2 × 105) were transfected with the indicated RNAi plasmids for 24 h. Cells were 
then left uninfected or infected with SeV for 6 h before immunoblots with the indicated antibodies were performed. The exper-
iments were repeated three times with similar results. (D) Effects of USP17 knockdown on SeV-induced dimerization of IRF3. 
293 cells (2 × 105) were transfected with the indicated RNAi plasmids for 24 h. Cells were then left uninfected or infected with 
SeV for 8 h, then the cells were harvested and lysed in native lysis buffer. The cell lysates were fractionated in 7.5% native 
gel and immunoblot analysis was performed with anti-IRF3 (upper panel). For loading controls, the lysates were analyzed by 
immunoblot with anti-β-actin.
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on poly(I:C)-induced TLR3-mediated activation of the 
IFN-β promoter (Figure 4C), suggesting that USP17 is 
required for both RIG-I- and MDA5-mediated signaling.

We further determined the molecular order of the 
involvement of USP17 in virus-triggered signaling. In 
reporter assays, knockdown of USP17 inhibited RIG-I- 
and MDA5-induced but not downstream components 
VISA-, MITA-, TBK1- and IKKε-induced activation of 
the IFN-β promoter (Figure 4D). Interestingly, results 
from our transfection and coimmunoprecipitation assays 
suggested that USP17 was associated with RIG-I and 
MDA5 but not with VISA, MITA or TBK1 in the pres-

ence or absence of viral infection (Figure 4E and data 
not shown). These results suggest that USP17 regulates 
virus-triggered signaling at the RLR level.

Knockdown of USP17 potentiates the ubiquitination lev-
els of RIG-I and MDA5

It is reported that regulation of ubiquitination rep-
resents a critical mechanism for the control of virus-
triggered production of type I IFNs. USP17 has deu-
biquitinating enzymatic activity and functions at the 
RLR level; therefore, it is possible that USP17 regulates 
ubiquitination of RLRs. To examine this possibility, we 

Figure 4 USP17 regulates virus-triggered signaling at the RLR level. (A) Effect of USP17 knockdown on cytoplasmic 
poly(I:C)-induced activation of the IFN-β promoter in 293 cells. 293 cells (1 × 105) were transfected with the indicated RNAi 
plasmids (0.5 µg each). Twenty-four hours later, cells were further transfected with poly(I:C) (0.5 µg) or left untransfected and 
luciferase assays were performed 24 h later. Graphs show mean ± SD, n = 3. (B) Effect of USP17 knockdown on cytoplas-
mic poly(dA:dT)-induced activation of the IFN-β promoter in 293 cells. The experiment was done similarly as in (A), except 
that cells were further transfected with poly(dA:dT) (0.5 µg) instead of poly(I:C). (C) Effect of USP17 knockdown on poly(I:C)-
induced activation of the IFN-β promoter in 293-TLR3 cells. 293-TLR3 cells (1 × 105) were transfected with the indicated 
RNAi plasmids (0.5 µg each). Twenty-four hours later, cells were treated with poly(I:C) (50 µg/ml) or left untreated for 8 h 
before luciferase assays were performed. Graphs show mean ± SD, n = 3. (D) Knockdown of USP17 inhibited RIG-I- and 
MDA5-induced activation of the IFN-β promoter. 293 cells (1 × 105) were transfected with USP17 RNAi or control plasmid (0.5 
µg each); 24 h later, cells were further transfected with the indicated expression plasmids and the IFN-β luciferase plasmid 
before luciferase assays were performed. Graphs show mean ± SD, n = 3. (E) USP17 interacted with RIG-I and MDA5. 293 
cells (2 × 106) were transfected with the indicated expression plasmids; 20 h later, cells were infected or uninfected with SeV 
for 4 h before coimmunoprecipitations were performed with the indicated antibodies.
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performed transfection and ubiquitination assays. Coim-
munoprecipitation and immunoblot analysis showed 
that knockdown of USP17 potentiated the ubiquitination 
levels of RIG-I and MDA5 (Figure 5A). In parallel ex-
periments, knockdown of USP17 did not have obvious 
effects on ubiquitination of IKKε and MITA (Figure 5A), 
suggesting the specific effects of endogenous USP17 
on deubiquitination of RIG-I and MDA5. Furthermore, 
knockdown of USP17 potentiated both K63- and K48-
linked ubiquitination of RIG-I (Supplementary informa-
tion, Figure S2). Previously, it has been shown that viral 
infection or IFN-α treatment causes ubiquitination of 
RIG-I [30]. In our experiments, knockdown of USP17 
potentiated ubiquitination of endogenous RIG-I after 
viral infection (Figure 5B). In addition, knockdown of 
USP17 also inhibited SeV-induced expression of RIG-I 
and MDA5 (Supplementary information, Figure S3). 
Taken together, these data suggest that USP17 regulates 
virus-induced type I IFN signaling through deubiquitina-
tion of RIG-I and MDA5.

Discussion

Ubiquitination and deubiquitination play important 
roles in regulating virus-triggered induction of type I 
IFNs. In this study, we screened a panel of deubiquitina-
tion enzymes and identified USP17 as a modulator of 
virus-triggered type I IFN induction pathways.

In an overexpression system, USP17 strongly re-
moved polyubiquitin chains conjugated to all examined 
signaling components of the virus-triggered signaling 
pathways, such as MDA-5, RIG-I, VISA, MITA, IKKε 
and TRAF3. Consistent with previous reports that the 
ubiquitination of some of these proteins, such as RIG-I 
and TRAF3, is required for virus-triggered induction of 
type I IFNs, overexpression of USP17 potently inhibited 
SeV-triggered activation of ISRE and NF-κB as well as 
the IFN-β promoter. However, the inhibitory effects of 
USP17 overexpression on virus-triggered signaling are 
probably artificial because overexpression of USP17 
caused global deubiquitination of cellular proteins and/or 
cytosolic synthesized polyubiquitin chains.

To determine whether USP17 plays a specific and 
physiological role in virus-triggered signaling, we inves-
tigated the effects of USP17 knockdown on virus-trig-
gered signaling. Knockdown of endogenous USP17 at-
tenuated virus-, cytoplasmic poly(I:C)- and poly(dA:dT)-
induced activation of the IFN-β promoter. Further 
analysis indicated that knockdown of USP17 inhibited 
SeV-induced phosphorylation and dimerization of IRF3 
and expression of IFNB1 and RANTES genes, as well as 
cellular antiviral responses. These results suggest that 

Figure 5 Knockdown of USP17 potentiates the ubiquitination 
levels of RIG-I and MDA5. (A) Knockdown of USP17 poten-
tiates ubiquitination of RIG-I and MDA5 in the overexpres-
sion system. 293 cells (~1 × 106) were transfected with the 
indicated expression (5 µg each) and RNAi plasmids (10 µg 
each). Twenty-four hours after transfection, cell lysates were 
immunoprecipitated and re-immunoprecipitated with anti-
Flag. The immunoprecipitates were analyzed by immunoblots 
with anti-HA (upper panel) or anti-Flag (lower panel). The 
experiments were repeated three times with similar results. 
(B) Knockdown of USP17 potentiates SeV-induced ubiquit-
ination of RIG-I. 293 cells (~1 × 106) were transfected with 
Flag-tagged ubiquitin combined with USP17 RNAi or control 
plasmids; 24 h later, cells were left uninfected or infected 
with SeV for 24 h, then cell lysates were immunoprecipitated 
and re-immunoprecipitated with anti-RIG-I. The immunopre-
cipitates were analyzed by western blots with anti-Flag (upper 
panel) and anti-RIG-I (lower panel). The experiments were 
repeated three times with similar results.
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endogenous USP17 is required for virus-triggered induc-
tion of type I IFNs.

To investigate at which level USP17 functions, we 
performed three lines of experiments. In reporter assays, 
knockdown of endogenous USP17 inhibited RIG-I- and 
MDA5-induced activation of the IFN-β promoter, but not 
the downstream components VISA-, TBK1- and IKKε-
induced activation of the IFN-β promoter. Second, our 
coimmunoprecipitation and immunoblot assays demon-
strated that USP17 interacted with RIG-I and MDA5 but 
not with VISA, MITA or TBK1. In addition, knockdown 
of endogenous USP17 enhanced the ubiquitination of 
RIG-I and MDA5, but not that of MITA and IKKε. These 
results suggest that USP17 regulates virus-induced type 
I IFN signaling through deubiquitination of RIG-I and 
MDA5.

Ubiquitination and deubiquitination of RLRs play im-
portant roles in regulating virus-induced type I IFN sig-
naling. For example, two ubiquitin E3 enzymes, TRIM25 
and REUL (also called RNF135 and Riplet), have been 
demonstrated to catalyze K63-linked polyubiquitina-
tions of RIG-I, which are critical for activation of RIG-I 
and signaling to downstream components [30-32]. Two 
DUBs, A20 and CYLD, have been demonstrated to re-
move the K63-linked polyubiquitin chains from RIG-I 
and thereby negatively regulate virus-induced type I IFN 
signaling [36, 37]. On the other hand, RNF125 catalyzes 
K48-linked polyubiquitination of RIG-I and MDA5 on 
their N-terminal caspase recruitment domains (CARD) 
and these ubiquitinations cause proteasome-dependent 
degradation of RIG-I and MDA5, thereby negatively 
regulating virus-induced type I IFN signaling [28]. In 
light of these observations, it is possible that USP17 
causes removal of K48-linked polyubiquitin chains from 
RIG-I and MDA5, a step important for preventing the 
degradation of RIG-I and MDA5 and therefore promot-
ing virus-trigged type I IFN signaling. In this context, 
we observed that knockdown of USP17 inhibited virus-
induced expression of RIG-I and MDA5. However, the 
exact targeted lysine residues remain to be identified. 
Taken together, the identification of USP17 as a DUB 
for RIG-I and MDA5 helps to understand how the early 
steps of virus-triggered signaling are regulated. 

Materials and Methods

Reagents and antibodies
TNF-α (R&D Systems), IFN-γ (R&D Systems), poly(I:C) (In-

vitrogen), poly(dA:dT) (Amersham Biosciences), mouse monoclo-
nal antibodies against Flag (M2), HA epitopes and β-actin (Sigma), 
and rabbit polyclonal antibody against phospho-IRF3 (Cell Signal-
ing Technology) were purchased from the indicated manufacturers. 
SeV and VSV were previously described [41].

Constructs
NF-κB, ISRE, IFN-β, TK and IRF1 luciferase reporter plas-

mids and mammalian expression plasmids for Flag- or HA-tagged 
RIG-I, MDA5, VISA, MITA, TBK1, IKKε and IRF3 were previ-
ously described [11, 15, 42]. Mammalian expression plasmids for 
Flag-tagged USP17, USP5, DUBA and HA-tagged ubiquitin muta-
tions were constructed by standard molecular biology techniques.

Expression cloning
The expression clones encoding DUBs were transfected into 

293 cells together with the IFN-β luciferase reporter by standard 
calcium phosphate precipitation; to normalize for transfection effi-
ciency, TK luciferase reporter plasmid was added to each transfec-
tion. Sixteen hours after transfection, cells were infected with SeV 
or left uninfected for 8 h. The clones that inhibited SeV-triggered 
activation of the IFN-β promoter were isolated and validated by 
repeating the reporter assays.

Coimmunoprecipitation and immunoblot analysis
Transfected 293 cells from each 10-cm dish were lysed in l ml 

NP-40 lysis buffer (20 mM Tris-HCl, pH 7.4-7.5, 150 mM NaCl, 
1 mM EDTA, 1% NP-40, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 
1 mM phenylmethylsulfonyl fluoride). For each immunoprecipita-
tion, 0.8 ml cell lysate was incubated with 0.5 µg of the indicated 
antibody and 25 µl of 50% slurry of GammaBind G Plus-Sephar-
ose (Amersham Biosciences) at 4 °C for 2 h. Then, the sepharose 
beads were washed three times with 1 ml lysis buffer containing 
500 mM NaCl. The precipitates were subjected to 8% SDS-PAGE 
and subsequent immunoblot analysis was performed with the indi-
cated antibodies.

Re-immunoprecipitation experiments
For detection of ubiquitinated proteins, re-immunoprecipitation 

experiments were performed. First-round immunoprecipitation 
was performed as above. The immunoprecipitates were re-extract-
ed in lysis buffer containing 1% SDS and denatured by heating 
for 5 min. The supernatants were diluted with regular lysis buffer 
till the concentration of SDS was decreased to 0.1%. The diluted 
supernatants were re-immunoprecipitated with the indicated anti-
bodies and the immunoprecipitates were analyzed by immunoblots 
with an antibody against ubiquitin or tag fused to ubiquitin.

Generation and transfection of human primary DCs
Peripheral blood monocytes (PBMCs) were isolated from 

healthy human peripheral blood by density gradient separation 
using Ficoll-Paque (GE Healthcare) following the manufacturer’s 
instructions. The isolated PBMCs were incubated with human 
CD14-specific antibody conjugated to paramagnetic microbeads 
(Miltenyi Biotec) and the CD14+ monocytes were isolated on the 
LS columns (Miltenyi Biotec). The monocytes were suspended in 
RPMI 1640 supplemented with 10% heat-inactivated FBS (Ex-
Cell), 1% nonessential amino acids and 1 mM sodium pyruvate. 
For generation of DCs, the CD14+ monocytes were treated with 
recombinant human (rh) GM-CSF (50 ng/ml) plus rhIL-4 (100 
ng/ml) (PeproTech Inc.) for 6 days. The media with the cytokines 
were changed every other day during the differentiation period. 
Differentiated DCs were harvested and transfected using the hu-
man DC nucleofactor kit (Amaxa). Immediately after transfection, 
cells were resuspended in the cytokine-containing media. Twenty-
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four hours after transfection, cells were infected with SeV for 16 h 
before reporter assays were performed.

RNAi experiments
Double-strand oligonucleotides corresponding to the target 

sequences were cloned into the pSuper.Retro RNAi plasmid (Oli-
goengine Inc.). The following sequences were targeted for human 
USP17 cDNA:#1: 5′-GAT CCA AAG GGA AGA ACA A-3′; #2: 
5′-GAT CAT CAC TCT AAG GAC A-3′; #3: 5′-GAG ATT CTC 
CGA TGT CAC A-3′.

RT-PCR and ELISA
Total RNA from transfected 293 cells was isolated using Trizol 

reagent (Invitrogen); after reverse transcription with oligo(dT) 
primer using a RevertAidTM First Strand cDNA Synthesis Kit 
(Fermentas), aliquots of products were subjected to PCR using 
gene-specific primers as follows: IFN-β, 5′-CAG CAA TTT TCA 
GTG TCA GAA GCT-3′ and 5′-CAG TGA CTG TAC TCC TTG 
GCC TT-3′; Rantes, 5′-ATG AAG GTC TCC GCG GCA CGC CT-
3′ and 5′-CTA GCT CAT CTC CAA AGA GTT G-3′; GAPDH, 5′- 
CGG AGT CAA CGG ATT TGG TCG-3′ and 5′-AGC CTT CTC 
CAT GGT GGT GAA G-3′; and USP17, 5′-CAC AGT GAG AGT 
GTG TCA AGA-3′ and 5′-TCA CTG GCA CAC AAG CAG AGC 
CC-3′. The supernatants from infected cells were collected and 
subjected to ELISA using a commercial human IFN-β kit (PBL 
Biomedical laboratories).

VSV plaque assay
The 293 cells (1 × 105) were transfected with the indicated 

RNAi plasmids for 24 h prior to VSV infection (MOI = 0.1); 1 h 
later, cells were washed three times with PBS and then medium 
was added. The supernatants were collected 12 h later and diluted 
1:104 to infect confluent BHK21 cells cultured in 24-well plates; 1 
h later, the supernatant was removed and 2% methylcellulose was 
overplayed. At 2 days post infection, the overplay was removed 
and cells were fixed with 4% formaldehyde for 1 h and stained 
with 0.2% Crystal violet in 20% methanol. Plaques were counted, 
averaged and multiplied by the dilution factor to determine the vi-
ral titer as PFU/ml.
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