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Background: The IFN receptor (IFNR) protein 
level determines cellular responsiveness to IFNs. 
Results: Knockdown of Jun activation 
domain-binding protein 1 (JAB1) resulted in the 
reduction of IFNR level and IFN-induced gene 
expression. 
Conclusion: JAB1 stabilizes IFNR and is 
required for the optimal response to IFNs. 
Significance: This study provides evidence that 
JAB1 positively regulates IFN response. 
 
ABSTRACT 

Degradation of IFNR protein is one of the 
mechanisms to limit the extent of cellular 
responses to interferons. Tyrosine kinase 2 
(TYK2), a JAK family kinase, has been 
reported to bind to and stabilize IFNR, 
indicating that TYK2 is a fundamental 
component of IFN receptor complex. Herein, 
we identified Jun activation domain-binding 
protein 1 (JAB1) as a new TYK2 binding 
partner and investigated its role in the 

regulation of IFN responses. siRNA knockdown 
of JAB1 resulted in suppression of IFN-induced 
phosphorylation of STAT proteins and their 
transcriptional activation. Importantly, JAB1 
knockdown induced the activation of SCF 
ubiquitin ligase complex containing Cullin 1 
(CUL1), as judged by the enhancement of 
covalent modification of CUL1 with the 
ubiquitin-like protein NEDD8, and markedly 
reduced the basal protein level of IFNR. In 
contrast, NEDD8 knockdown or inhibition of 
NEDD8-modification by NEDD8-activating 
enzyme (NAE) inhibitor resulted in increased 
IFNR protein concomitantly with reduction of 
NEDD8-modified CUL1. Furthermore, NAE 
inhibitor treatment enhanced the susceptibility 
to IFN- in HeLa cells. These data suggest that 
the NEDD8 modification pathway is involved 
in the proteolysis of IFNAR1 and that JAB1 
acts as a positive regulator of IFN responses by 
stabilizing IFNR through antagonizing the 
NEDD8 pathway. 
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Interferon- (IFN-) mediates potent antiviral 
and antiproliferative activities of target cells 
through its interaction with IFN- receptors. Janus 
kinase 1 (JAK1) and Tyrosine kinase 2 (TYK2), 
the nonreceptor tyrosine kinases of the JAK 
family, are associated with IFN- receptors and 
play a pivotal role in transducing IFN- signals 
(1). The type I IFN receptor consists of two 
subunits, IFNAR1 and IFNAR2 (2). IFNAR1 
plays a key role in all aspects of IFN--mediated 
effects in vitro and in vivo (3-5). Downregulation 
and degradation of IFNAR1 is one of the pivotal 
mechanisms to limit the extent and duration of 
cellular responses to IFN-. Both basal- and 
ligand-induced turnover of IFNAR1 require its 
phosphorylation on Ser535 within the conserved 
534DSGNYS destruction motif (6,7). Subsequently, 
IFNAR1 was ubiquitinated by the SCF (Skp1, 
Cullin, F-box)-type E3 ubiquitin ligase complex, 
leading to its lysosomal degradation (6). 

SCF E3 ubiquitin ligase complex is one of the 
most intensively studied Cullin-RING E3 
ubiquitin ligases (CRLs) (8-10). Its enzyme 
activity is regulated by the reversible covalent 
modification of the Cullin subunit by the 
ubiquitin-like protein neural precursor cell 
expressed, developmentally down-regulated 8 
(NEDD8) (11,12). The NEDD8 modification 
(neddylation) of Cullin family proteins is essential 
for the SCF ubiquitin ligase activity. Indeed, 
neddylation of CUL1 triggers ubiquitination of a 
substrate IB by SCF ubiquitin ligase (13-15). 

COP9 signalosome (CSN) is a protein complex 
consisting of eight subunits that acts in the 
regulation of many fundamental processes 
controlled by CRLs and the ubiquitin proteasome 
system (16-20). The best-characterized 
biochemical activity of CSN is the removal of 
NEDD8 from Cullins (deneddylation), which is 
catalyzed by the metalloprotease activity of the 
fifth subunit, CSN5 (also known as COPS5 or Jun 
activation domain-binding protein 1; JAB1) 

(21-23). 
TYK2 contributes to the IFN-induced signaling 

through its kinase activity leading to the 
phosphorylation of STAT proteins (1). 
Phosphorylated STATs are subsequently 
translocated to the nucleus, where they affect gene 
expression. TYK2 also stabilizes basal IFNAR1 
protein expression and ligand binding ability by 
kinase-independent mechanisms, especially in 
human cells (24,25). Therefore, TYK2 is 
important for the IFN response as the fundamental 
component of the IFN receptor complex. Based on 
the finding that a type 2 hyper-IgE syndrome 
(HIES) patient was susceptible to intracellular 
bacterial infection and had a defect in the signal 
transduction of IFN- and IL-12, human TYK2 
deficiency has been identified as a molecular 
cause of type 2 HIES (26). 

In this study, we identified that the CSN 
component JAB1/CSN5 is a new TYK2 binding 
partner. We show that JAB1 positively regulates 
the basal protein stability of IFNR and the IFNs 
response by antagonizing the neddylation pathway. 
This study shows the significance of JAB1 
function in the optimal IFN responses in human 
cells.  
 
EXPERIMENTAL PROCEDURES 
Yeast two-hybrid screening–To generate a bait 
construct with human TYK2, PCR was used to 
amplify the cDNA fragment encoding amino acid 
residues 868-1187 (primer sequences are available 
upon request). The PCR product was digested 
with NdeI and EcoRI and inserted into pGBKT7. 
The bait plasmid, pGBKT7/TYK2, was stably 
expressed in yeast strain AH109. Y187 cells 
pretransformed with the human placenta 
Matchmaker cDNA library (Clontech Laboratories, 
Palo Alto, CA, USA) were used for mating. All 
yeast two-hybrid screening was performed as 
described previously (27). 
Mammalian expression vector 
constructs–Myc-tagged TYK2 deletion mutants 
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were described previously (28). JAB1 encoding 
amino acids 30–334, whose gene product 
associated with TYK2 (aa 868–1187) in yeast, 
was subcloned into pCS2-MT vector. The 
full-length human JAB1 cDNA was purchased 
from Promega (Madison, WI, USA). The 
full-length JAB1, JAB1 D151N and JAB1 N 
mutants were generated by PCR and subcloned 
into the BamHI/EcoRI sites of the FLAG-tagged 
mammalian expression plasmid pSF1 (29). 
Cell culture and reagents–A human cervix 
carcinoma cell line (HeLa), a human embryonic 
kidney carcinoma cell line (293T), a human 
hepatoma cell line (Hep3B) and human 
keratinocyte (HaCaT) were maintained in DMEM 
containing 10% Fetal Calf Serum (FCS). A human 
T cell leukemia cell line (Jurkat) and a human 
pre-B cell leukemia (NALM-6) were maintained 
in RPMI 1640 containing 10% FCS. Human aortic 
vascular smooth muscle cells were purchased 
from Kurabo (Osaka, Japan) and maintained in 
HuMedia-SG2 (Kurabo), supplemented with 5% 
FCS, 50 ng/ml amphotericin B, 50 μg/ml 
gentamycin, 0.5 ng/ml human epidermal growth 
factor, 2 ng/ml human fibroblast growth factor-B 
and 5 μg/ml insulin. 293T cells were transfected 
using a standard calcium precipitation protocol. 
MG132 was purchased from Peptide Institute 
(Osaka, Japan). NEDD8-activating enzyme 
inhibitor was purchased from LifeSensors 
(Malvern, PA, USA). 
Immunoprecipitation and western 
blotting–Immunoprecipitation and western 
blotting assays were performed as described 
previously (27). The immunoprecipitates from the 
indicated cell lysate were resolved by SDS-PAGE 
and transferred to PVDF membranes (PerkinElmer, 
Boston, MA, USA). The membranes were then 
immunoblotted with the different primary 
antibodies. Immunoreactive proteins were 
visualized using an enhanced chemiluminescence 
detection system (Millipore, Bedford, MA). The 
following primary antibodies were obtained 

commercially: anti-JAB1, anti-STAT1, 
anti-STAT3, anti-CUL1, anti-NRF2 and 
anti-IFNAR1 antibodies from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA); 
anti-phospho-TYK2, anti-phospho-STAT1 and 
anti-phospho-STAT3 antibodies from Cell 
Signaling technology (Beverly, MA, USA); 
anti-CSN2 and anti-CSN4 antibodies from Enzo 
Life Sciences (Farmingdale, NY, USA); anti-Myc 
(9E10), anti-FLAG (M2) and anti-actin antibodies 
from Sigma-Aldrich (St. Louis, MO, USA); 
anti-TYK2 antibody from BD Biosciences (San 
Diego, CA, USA); anti-IFNGR1 antibody from 
abcam (cambridge, MA, USA); anti-IFNAR2 
antibody from Thermo scientific/Pierce (Rockford, 
IL, USA). Horseradish peroxidase-conjugated 
anti-mouse IgG and anti-rabbit IgG antibodies 
were purchased from GE Healthcare (Little 
Chalfont, United Kingdom). 
Indirect immunofluorescence microscopy–To 
analyze subcellular localizations of JAB1 and 
TYK2 proteins, plasmids encoding FLAG-tagged 
JAB1 and Myc-tagged TYK2 were transiently 
transfected into HeLa cells by jetPEI 
(PolyPlus-transfection, Strasbourg, France). 
Immunofluorescence staining procedures were 
performed as described previously(30). The 
primary antibodies used were rabbit anti-FLAG 
and mouse anti-Myc antibodies (Sigma-Aldrich, 
St. Louis, MO, USA). For endogenous protein 
detection, a rabbit anti-JAB1 antibody (FL-334; 
Santa Cruz) and a monoclonal anti-TYK2 
antibody (clone 51; BD transduction laboratories) 
were used. The secondary antibodies used were 
rhodamine-conjugated anti-mouse IgG and 
FITC-conjugated anti-rabbit IgG (Chemicon, 
Temecula, CA, USA). DNA was visualized by 
staining with DAPI (Wako Chemicals, Osaka, 
Japan). Fluorescent images were acquired using 
the fluorescent microscope BZ-8000 (Keyence, 
Osaka, Japan). 
Transfection of siRNAs and luciferase assays–The 
siRNAs used in this study were as follows: 
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COPS5 (JAB1), 
5’-GCUCAGAGUAUCGAUGAAA-3’; TYK2, 
5’-GGAGAAACCTCCAATCTCA-3'; COPS2 
(CSN2), 5’-GAGGGAAGGTGAATTTGA-3'; 
COPS4 (CSN4), 
5’-GGCAGAGGCTTACATAAAT-3'; NEDD8, 
5’-AGGUGGAGCGAAUCAAGGA-3’. HeLa 
cells were plated on 24-well plates at 2104 
cells/well and incubated with an siRNA (10 pmol) 
- Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA) mixture at 37 °C for 4 h, followed by the 
addition of fresh medium containing 10% FCS. 
HeLa cells were further transfected with or 
without ISRE-LUC or STAT3-LUC using jetPEI. 
Twenty-four hours post transfection the cells were 
harvested and assayed for their luciferase 
activities using a Dual-Luciferase Reporter Assay 
System (Promega, Madison, WI, USA).  
RNA isolation, reverse-transcription and 
quantitative real-time PCR–HeLa cells were 
stimulated with human IFN-provided by 
Dainippon Sumitomo Pharma Co., Ltd., Osaka, 
Japan) as indicated. After cell harvesting, total 
RNA samples were extracted using TRI Reagent 
(Molecular Research Center, Cincinnati, OH, 
USA). First-strand cDNA was synthesized from 1 
g of total RNA with ReverTra Ace (TOYOBO, 
Osaka, Japan). Quantitative real-time PCR 
analysis of mRNA transcripts was carried out 
using a combination of a KAPA SYBR FAST 
qPCR master mix (KAPA Biosystems, Woburn, 
MA, USA) with an Mx3005P real-time PCR 
system (Stratagene, Santa Clara, CA, USA). 
Primers used for qPCR were: IRF1: 
5’-AGCTCAGCTGTGCGAGTGTA-3’ (sense), 
5’-TAGCTGCTGTGGTCATCAGG-3’ (antisense), 
PML: 5’-TTCTGGTGCTTTGAGTGCGAG-3’ 
(sense), 5’-TCACTGTGGCTGCTGTCAAG-3’ 
(antisense), CXCL11: 
5’-AGAGGACGCTGTCTTTGCAT-3’ (sense), 
5’-TAAGCCTTGCTTGCTTCGAT-3’ (antisense), 
IFNAR1: 5’-TAAGCCTTGCTTGCTTCGAT-3’ 
(sense), 5’-TCTGGAGGACCAATCTGAGC-3’ 

(antisense), COPS5 (JAB1): 
5’-TCTGCTGAAGATGGTGATGC-3’ (sense), 
5’-GCCAACCTGTTTTGCATTTT-3’ (antisense), 
ACTB: 5’-TGTTACCAACTGGGACGACA-3’ 
(sense), 5’-GGGGTGTTGAAGGTCTCAAA-3’ 
(antisense), APOBEC3G: 5’- 
TCCACCCACATTCACTTTCA-3’ (sense), 5’- 
TTCCAAAAGGGAATCACGTC-3’ (antisense). 
Lentiviral GFP transduction of HeLa cells–The 
HIV-1-based lentiviral vector pseudotyped with 
the vesicular stomatitis virus G glycoprotein 
(VSV-G) (31) was generated as previously 
described procedures (32) with some modification. 
In brief, 293T cells were transiently cotransfected 
with appropriate amounts of the self-inactivating 
(SIN) lentiviral vector 
pCSII-CMV-MCS-IRES-hrGFP, the packaging 
construct (pMDLg/pRRE), the Rev-expressing 
construct (pRSV-Rev), and the VSV-G–expressing 
construct (pMD.G). The viral supernatants were 
collected 72 h after transfection and concentrated 
300-fold by ultracentrifugation at 23,200 rpm 
(P50S2 swing rotor; Hitachi) for 2 h. For infection, 
HeLa cells were plated on 48-well plates and 
cultured in DMEM containing 10% FCS and 
concentrated lentivirus supernatants at a volume 
of 5 μL per well for 48 h at 37°C in 5% CO2. GFP 
expression was analyzed using flow cytometry 
(FACS Calibur, Becton Dickinson). 
Cell cycle analysis–Logarithmically growing 
HeLa cells were incubated with either IFN-, 
NAE-inhibitor or both for 24 h. Collected cells 
were fixed in 90% ethanol and stored overnight at 
-20 °C. Fixed cells were centrifuged to remove 
ethanol, and the pellets were resuspended in 
propidium iodide and RNase A in PBS for 20 min 
at 37°C. The DNA content of nuclei was analyzed 
by FACS. 
Statistical analysis–Statistical evaluation of 
differences between populations was determined 
using Student's t-test. Results shown are the 
means and standard error of the mean (SEM).  
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RESULTS 
Identification of JAB1 as a TYK2-interacting 

protein–To identify new TYK2-interacting 
proteins, a yeast two-hybrid screen was performed 
using the kinase domain of TYK2 fused to the Gal 
DNA-binding domain (Y2H bait) as bait (Fig. 1A). 
A human placenta cDNA library was screened. 
Among a number of positive clones, one clone 
encoded the N-terminus-truncated portion of 
previously described JAB1 (Y2H clone) (Fig. 1B). 
To determine whether this clone encoded a protein 
able to interact with TYK2 in mammalian cells, 
the cDNA was subcloned into the mammalian 
expression vector pCS2-MT. The resulting 
expression vector produced a protein that 
interacted with TYK2 in 293T cells (Fig. 1C). 
Next, we examined the association between TYK2 
and JAB1 using the full-length or mutated cDNA. 
JAB1 MPN domain contains the JAMM-motif 
that functions as a catalytic site for the CSN 
isopeptidase activity (23). The JAMM-motif 
mutant, which harbors a single amino acid 
substitution from the conserved Asp to Asn at 
codon 151 (JAB1 D151N), is impaired in its 
activity. We also generated a JAB1C mutant 
(JAB1 N), which lacks the nuclear export signal 
(NES)-containing C-terminal potion of JAB1 (Fig. 
1B). Using these JAB1 mutants, we tested 
whether the JAB1-TYK2 interaction requires an 
intact JAMM motif. FLAG-tagged wild type or 
mutant JAB1 with or without TYK2 was 
introduced into 293T cells and 
co-immunoprecipitation experiments were 
performed. As shown in Fig. 1D, the D151N 
mutant of JAB1 interacted with TYK2 similarly to 
the wild type JAB1. In addition, JAB1 N 
interacted rather strongly with TYK2, suggesting 
that the MPN domain-containing N-terminal 
portion of JAB1 is sufficient for interacting with 
TYK2, although the intact JAMM motif is not 
necessary. 

TYK2 domains responsible for the interaction 
with JAB1 were then determined. We checked 

whether the kinase domain of TYK2 is required 
for the interaction with JAB1 using a truncated 
form of TYK2 that lacks the kinase domain 
(TYK2ΔKD) (Fig. 1A). The full-length TYK2 or 
TYK2ΔKD construct was transiently transfected 
into 293T cells together with the full-length JAB1 
construct. Cell lysate was immunoprecipitated 
with anti-Myc Ab (for TYK2), and immunoblotted 
with anti-FLAG Ab (for JAB1). Unexpectedly, 
TYK2ΔKD interacted with JAB1 similarly to the 
full-length TYK2 (Fig. 1E). Thus, we divided the 
TYK2 cDNA into four regions (Fig. 1A) and each 
corresponding TYK2 construct was tested for 
JAB1-binding ability by immunoprecipitation 
assay. As shown in Fig. 1F, JAB1 strongly 
interacted with only TYK2 (600–1086) whereas it 
interacted very weakly with TYK2 (833–1187), 
which contains the kinase domain. These data 
suggest that JAB1 mainly interacts with the region 
around the pseudokinase domain of TYK2 in 
mammalian cells.  

Binding between endogenous JAB1 and TYK2 
as well as involvement of TYK2 activation in this 
interaction were also investigated. A human cervix 
carcinoma cell line, HeLa, which expressed both 
JAB1 and TYK2, was employed, and the cell line 
was stimulated with IFN-to activate TYK2. As 
can be seen in Fig. 1G, JAB1 was present in the 
TYK2 immunoprecipitates, and their binding was 
not altered after IFN- stimulation. Therefore, a 
part of JAB1 and TYK2 spontaneously associates. 
in HeLa cells. Finally, subcellular localization of 
JAB1 and TYK2 was examined. We expressed 
Myc-tagged TYK2 along with FLAG-tagged 
JAB1 in HeLa cells, and analysis with 
immunofluorescence microscopy showed that 
TYK2 was mostly co-localized with JAB1 
throughout the cells (Fig. 1H). Furthermore, 
endogenous TYK2 co-localized with endogenous 
JAB1 in cells in the absence or presence of IFN- 
stimulation (Fig. 1I). Their co-localization was 
observed in both nuclei and cytoplasm, as recent 
studies or a review stated that either TYK2 or 
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JAB1 localizes in both nuclear and cytoplasmic 
(20,33,34). Collectively, these data suggest that 
JAB1 has the ability to interact with TYK2 in 
mammalian cells. 

Knockdown of JAB1 attenuates IFN--induced 
STAT activation–Data for the binding between 
TYK2 and JAB1 gave rise to a possibility that the 
interaction might be required for IFN--induced 
signals. We examined whether the selective 
knockdown of endogenous JAB1 (encoded by 
COPS5) modulates downstream events of 
IFN--stimulation. IFN- induces the activation 
of TYK2, which in turn phosphorylates STAT 
proteins. Although tyrosine phosphorylation of 
TYK2 was clearly detected in control HeLa cells 
within 5 min after IFN--stimulation, 
JAB1-knockdown HeLa cells failed to show 
TYK2 phosphorylation (Fig. 2A). In addition, 
IFN--induced tyrosine phosphorylation of 
STAT1 and STAT3 was greatly decreased by 
knockdown of JAB1 (Fig. 2B). When TYK2 
expression was reduced by specific TYK2 siRNA, 
IFN--induced phosphorylation of STAT1 almost 
disappeared (Fig. 2C). Of importance, 
TYK2-knockdown had larger influence on STAT1 
phosphorylation than JAB1-knockdown, and 
combined knockdown of both JAB1 and TYK2 
did not additively reduce STAT1 phosphorylation 
compared with knockdown of TYK2 alone. 
Therefore, JAB1 regulates STAT1 activation in a 
TYK2 expression-dependent manner. 

Knockdown of JAB1 attenuates IFN-induced 
transcriptional activation–The activity of 
STAT1-containing ISGF3 complex can be 
measured as luciferase reporter activity using 
ISRE-Luc, and the activity of STAT3 can be 
measured as reporter activity using STAT3-Luc 
(35). We tested effects of JAB1-knockdown on 
IFN--induced activation of STAT1 and STAT3 in 
HeLa cells. As shown in Fig. 2D, knockdown of 
JAB1 significantly reduced luciferase activities by 
ISRE-Luc and STAT3-Luc after 
IFN--stimulation (Fig. 2D). We then examined 

effects of JAB1 knockdown on IFN--induced 
gene expression. Reverse-transcription 
quantitative real-time PCR experiments revealed 
that IFN--induced IRF1, CXCL11 and PML 
mRNA expressions were all significantly reduced 
in JAB1-knockdown HeLa cells (Fig. 2E). We 
also analyzed the mRNA levels of JAB1 itself and 
IFNAR1, which are important components of the 
IFN- receptor complex. We found that IFN- 
treatment upregulated the JAB1 mRNA level by 
approximately 1.8-fold and that JAB1 knockdown 
did not significantly affect the mRNA level of 
IFNAR1. These results suggest that JAB1 is 
involved in the optimal IFN--induced signaling 
and gene expression.  

JAB1 maintains the protein level of IFNAR1 in 
HeLa cells–Although JAB1 has been shown to 
stabilize and destabilize the protein levels of its 
binding partners (19), we did not observe any 
changes in the protein levels of TYK2, or 
downstream STAT proteins by transfection of 
JAB1 siRNA (Fig. 2A and B). It has been reported 
that TYK2 constitutively interacts with and 
stabilizes IFNAR1 (25); therefore, we examined 
whether knockdown of endogenous JAB1 affects 
the IFNAR1 protein level. Knockdown of JAB1 
induced a significant decrease in the IFNAR1 
protein level (Fig. 3A). TYK2 siRNA also induced 
a decrease in the protein level of IFNAR1; 
however, the decrease was more severe. We next 
assessed the cell surface expression level of 
IFNAR1 by surface biotinylation followed by 
pull-down using streptavidin-agarose. As shown 
in Fig. 3B, JAB1 knockdown resulted in the 
reduction of not only surface but also total 
IFNAR1 in the cell. Taken together with data that 
the IFNAR1 mRNA level was unaffected by 
JAB1-knockdown (Fig. 2D), JAB1 is likely to 
regulate IFNAR1 at protein levels.  

CUL1 is a component of the SCF-type ubiquitin 
ligase complex, and its neddylation enhances SCF 
activity. JAB1 is known to be a component of 
CSN to remove NEDD8 from Cullin family 
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proteins (deneddylation). As shown in Fig. 3A, 
knockdown of JAB1 resulted in significant 
increase of the slower migrating form of CUL1 
that is covalently modified by NEDD8. 
Densitometric analysis revealed that the 
endogenous IFNAR1 level decreased to 58.5% of 
control value by knockdown of JAB1 and that 
CUL1 neddylation was increased from 29.9% in 
control cells to 44.4% in JAB1-knockdown cells 
(Fig. 3C). These data suggest that JAB1 may be 
involved in the IFNAR1 protein level through 
CSN deneddylation activity. 

IFNAR1 protein turnover is mediated by a 
NEDD8-dependent degradation mechanism–It has 
been reported that downregulation of either CSN2 
or CSN4 subunit is sufficient to impair the CSN 
function and induce Cullin hyperneddylation 
(36,37); hence, we downregulated the expression 
of CSN2 and CSN4 by siRNA to further 
investigate whether the CSN deneddylation 
activity affects IFNAR1 protein level. As shown 
in Fig. 4A, downregulation of either CSN2 or 
CSN4 induced CUL1 hyperneddylation and 
resulted in a simultaneous decrease in IFNAR1 
protein level compared with the control. 
Interestingly, targeting the CSN2 or CSN4 subunit 
by siRNA induced a reduction in JAB1 protein 
amounts as previously reported results showing 
that downregulation or deletion of one CSN 
component can affect the expression of other CSN 
subunits (37-40). 

The increase in CUL1 neddylation generally 
results in the subsequent activation of SCF 
ubiquitin E3 ligases and the ubiquitin proteasome 
system (8-10). Thus, we investigated whether 
JAB1 knockdown-induced reduction of IFNAR1 
protein is recovered by the proteasome inhibitor, 
MG132. MG132-treatment did not stabilize 
IFNAR1 protein at all; on the contrary, it induced 
a larger reduction in IFNAR1 protein, which was 
accompanied by an apparent increase in the level 
of neddylated CUL1 protein (Fig. 4B). 
MG132-induced IFNAR1 degradation and CUL1 

hyperneddylation was also observed in cells 
transfected with control siRNA (Fig. 4B). 
However, this MG132-induced degradation of 
IFNAR1 was largely cancelled in cells transfected 
with NEDD8 siRNA, concomitantly with the 
efficient reduction in the neddylated form of 
CUL1 (Fig. 4B). These data indicate that Cullin 
neddylation, but not the proteasome activity itself, 
correlates to IFNAR1 degradation. 

Ligand stimulation induces the 
poly-ubiquitination and subsequent degradation of 
IFNAR1 in an SCFTrcp-dependent manner (6). To 
further examine whether the NEDD8 modification 
system modulates IFNAR1 stability, the turnover 
of endogenous IFNAR1 was measured after the 
treatment with IFN- for 0–3 h to induce 
ligand-induced receptor degradation. As shown in 
Fig. 4C, the time-dependent decrease of IFNAR1 
protein after the stimulation with IFN- was 
delayed in the NEDD8-knockdown cells. These 
results suggest that NEDD8 is involved in the 
proteolysis of IFNAR1. 

We also tested effects of JAB1-knockdown on 
protein levels of other IFN receptors. As shown in 
Fig. 4D, JAB1 knockdown decreased endogenous 
IFNGR1 as well as IFNAR1 level, but not 
IFNAR2 level. Furthermore, JAB1-knockdown 
also resulted in a decrease of IFN--induced 
activation of STAT1 in HeLa cells (Fig. 4E). 
Therefore, JAB1 is involved in the regulation of 
not only IFN-- but also IFN--mediated 
signaling by controlling IFNR protein level 

Pharmacological inhibition of the neddylation 
pathway by NEDD8-activating enzyme inhibitor 
increases the endogenous IFNAR1 protein level 
and enhances the susceptibility of HeLa cells to 
IFN-–Because the NEDD8-activating enzyme 
(NAE) inhibitor, MLN4924, effectively 
inactivates SCF E3 by blocking Cullin 
neddylation (41), we checked effects of NAE 
inhibitor on the endogenous IFNAR1 protein level. 
HeLa cells were treated without or with NAE 
inhibitor, lysosomal inhibitors (NH4Cl or 
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Chloroquine) or proteasome inhibitor MG132 for 
12 h, and then total cell extracts were prepared for 
western blot analysis. As shown in Fig. 5A, NAE 
inhibitor treatment successfully reduced the CUL1 
neddylation level, but did not alter the JAB1 
amount. In addition, treatment with NAE inhibitor 
as well as lysosomal inhibitors resulted in the 
stabilization of endogenous IFNAR1 protein 
levels, whereas MG132-treatment decreased the 
IFNAR1 level. These results are consistent with 
the data showing that the protein turnover of 
IFNAR1 requires NEDD8 (Fig. 4) and that 
IFNAR1 is degraded by the lysosomal pathway 
(42). Next, we investigated whether NAE 
inhibitor treatment is able to affect the 
susceptibility of HeLa cells to IFN- stimulation. 
HeLa cells were pre-treated without or with NAE 
inhibitor for 12 h, and then treated with IFN-. As 
shown in Fig. 5B, the levels of IFN--induced 
STAT1 phosphorylation were enhanced by the 
pre-treatment with NAE inhibitor. These results 
suggest that inhibition of the neddylation pathway 
can augment STAT1 activation effects of IFN- 
by stabilizing the IFNAR1 protein level. We 
further examined effects of NAE inhibitor on 
IFN--induced antiviral effects in HeLa cells by 
using a pseudo-type lentiviral infection system 
(31). As shown in Fig. 5C, a NAE inhibitor 
clearly enhanced IFN--induced anti-viral activity. 
In addition, gene expression of apolipoprotein B 
mRNA editing enzyme, catalytic polypeptide-like 
3G (APOBEC3G), which is related to the 
anti-lentiviral activity (43), was highly induced by 
IFN- in the presence of a NAE inhibitor (Fig. 
5D). 

As either IFN- or NAE inhibitor has been 
shown to suppress tumor cell viability, we 
evaluated the combination effect of NAE inhibitor 
with IFN- on the growth of HeLa cells. HeLa 
cells were treated with IFN-, NAE inhibitor or 
both. After 48 h, the cell number was determined. 
As shown in Fig. 5E, in the presence of NAE 
inhibitor, cultures of HeLa cells with different 

IFN- concentrations resulted in a marked and 
dose-dependent reduction in cell number, while 
IFN- treatment alone barely affected. These 
results suggest that the combination of NAE 
inhibitor with IFN- efficiently suppresses HeLa 
cell viability better than either of these agents 
alone. 

As for the mechanisms of action of NAE 
inhibitor, it is known to prevent the transition of 
cells from S-G2 phase after induction of 
re-replication stress as well as to induce apoptosis 
(41,44-46). We also analyzed cell-cycle in HeLa 
cells treated with IFN- in the absence or 
presence of NAE inhibitor. HeLa cells treated 
with NAE inhibitor newly contained some 
populations whose DNA contents were over 4N as 
well as subdiploid (Fig. 5F). When HeLa cells 
were treated with IFN- with NAE inhibitor, 
subdiploid, but not over 4N population 
significantly increased compared with those 
treated with NAE inhibitor alone. Therefore, 
synergical growth suppression by IFN- and NAE 
inhibitor seemed to come from the induction of 
apoptosis. 

We also examined effects of NAE inhibitor on 
endogenous IFNAR1 protein level in 
non-transformed cell (human smooth muscle) and 
different cell types (human keratinocyte HaCaT, 
human hepatoma Hep3B, human T cell leukemia 
Jurkat and human pre-B cell leukemia NALM-6). 
As shown in Fig. 5G, treatment of NAE inhibitor 
increased the IFNAR1 content in these cells as 
well as HeLa cells. In this situation, expression of 
TYK2 and JAB1 was not influenced by the 
treatment with NAE inhibitor while expression of 
NRF2, a cullin-RING ligase substrate (47) was 
significantly increased. Therefore, this 
NEDDylaton effect on IFNAR1 is likely to be 
general. 

 
DISCUSSION 

In this study, we identified JAB1 as a new 
TYK2 binding partner. Because TYK2 has 
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important roles in the stabilization of the IFN 
receptor complex and in the IFN--induced signal 
transduction, we investigated whether JAB1 is 
also involved in these processes. COPS5 (JAB1) 
siRNA-treated cells exhibited reduced responses 
to IFN- as revealed by the analysis of the 
phosphorylation of TYK2, STAT1 and STAT3, 
and of the IFN--induced gene expression. These 
data indicate that JAB1 has a positive role in the 
IFN--induced cell responses.  

Downregulation and degradation of IFNAR1 is 
one of the pivotal mechanisms to limit the extent 
and duration of cellular responses to IFN-α. The 
involvement of the E3 ligase complex 
SCF-Trcp-mediated ubiquitination of IFNAR1 in 
the turnover of IFNAR1 has been described 
previously (6). The ubiquitination of IFNAR1 
promotes its interaction with clathrin and 
stimulates receptor internalization and subsequent 
lysosomal degradation (48). The ubiquitin ligase 
activity of the SCF complex is controlled by 
neddylation and deneddylation of Cullin subunits 
(12). Collectively, these previous observations 
have implicated the involvement of the 
neddylation/deneddylation mechanism in the 
regulation of IFNAR1 protein stability. Because 
JAB1 is also known as CSN5, which acts in the 
removal of NEDD8 from Cullins by serving as a 
catalyzing center of CSN (23), we tested the effect 
of JAB1 knockdown on the protein level of 
IFNAR1 and demonstrated that JAB1 is involved 
in the regulation of IFNAR1 protein stability. 
Importantly, the decrease in IFNAR1 protein 
levels induced by JAB1-knockdown were 
accompanied by activation of the SCF complex 
containing CUL1, as judged by a notable 
enhancement in CUL1 neddylation level. In 
addition, knockdown of either CSN2 or CSN4, 
which are also CSN subunits, resulted in a 
simultaneous induction of IFNAR1 decrease and 
CUL1 hyperneddylation in the cell. Moreover, 
knockdown of NEDD8 or inhibition of 
neddylation by NAE inhibitor resulted in an 

increase in IFNAR1 protein with concomitant 
reduction in neddylated CUL1. These results 
indicate that the neddylation pathway is involved 
in the proteolysis of IFNAR1, and that the CSN 
deneddylating activity contributes to the stability 
of IFNAR1 protein. 

Interestingly, treatment with the proteasomal 
inhibitor, MG132, induced a notable decrease in 
endogenous IFNAR1 protein (Fig. 4B). This result 
was highly reproducible. The most possible 
explanation for this phenomenon would be the 
unfolded protein response (UPR) by undegraded 
polypeptides in the endoplasmic reticulum (ER), 
because previous studies have shown that 
proteasomal inhibitors including MG132 are 
known to trigger ER-stress (49,50) and that 
ER-stress/UPR is correlated well with degradation 
of IFNAR1 in cells (51-53). In addition, UPR 
stimuli-induced degradation of IFNAR1 is known 
to be mediated by recruitment of SCFβ-Trcp, 
ubiquitination, endocytosis and degradation (51). 
Thus, our results that MG132-induced degradation 
of IFNAR1 was enhanced by JAB1 knockdown 
and suppressed by NEDD8 knockdown (Fig. 4B) 
well suit the explanation stated above and seem to 
indicate the importance of 
neddylation/deneddylation control in the 
ligand-independent IFNAR1 degradation. 

Along with the effects on ER-stress, MG132 
might have additional effects on SCF activation in 
cells, as MG132-treatment induced a remarkable 
increase in the level of neddylated CUL1 protein 
(Fig. 4B). It has been reported that the 
neddylation-defective CUL1 K720R mutant 
protein is more stable than wild type in cells (54), 
indicating that CUL1 is degraded through the 
ubiquitin-proteasome pathway preferentially in 
the neddylated form; thus, the inhibition of CUL1 
degradation by MG132 seems to induce 
preferential accumulation of neddylated CUL1, 
leading to enhanced activation of SCF ligase 
activity as well as IFNAR1 degradation.  

TYK2 has been reported to constitutively 
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associate with IFNAR1 and stabilize its cell 
surface expression by masking the conserved 
linear endocytic motif in the cytoplasmic tail of 
IFNAR1 through the protein-protein interaction 
(25). In accordance with this report, we showed 
that the basal IFNAR1 protein level was very low 
after transfection of TYK2 siRNA, indicating that 
TYK2 is the primarily important factor for 
stabilizing the basal level of IFNAR1. We 
demonstrated that JAB1 interacted with TYK2 
constitutively and that JAB1 knockdown induced 
about 40% decrease of the amount of IFNAR1 
protein. These data revealed the role of JAB1 in 
fine-tuning the basal IFNAR1 level in the 
presence of TYK2. Indeed, in the absence of 
TYK2 protein, we did not observe any changes in 
IFN--induced STAT1 phosphorylation after 

knockdown of JAB1 (Fig. 2C). 
The NAE inhibitor, MLN4924, effectively 

inactivates SCF E3 by blocking Cullin 
neddylation (41), and thereby suppresses cell 
cycle progression. NAE inhibitor has shown 
potent activity in in vitro and in vivo solid tumor 
models. In this study, we showed that combination 
of NAE inhibitor with IFN- efficiently 
suppresses HeLa cell viability better than either of 
these agents alone, thus the combination of IFN- 
and NAE inhibitor may be a good strategy against 
cancer that is resistant to IFN- or NAE treatment 
alone. 

In summary, our finding that JAB1 has a role in 
stabilizing IFNAR1 protein through antagonizing 
NEDD8 modification provides new insight into 
the regulation mechanism of type I IFN signaling.

. 
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FIGURE LEGENDS 
 
FIGURE 1. JAB1 with TYK2 interactions. (A) Schematic representation of TYK2 constructs. (B) 
Schematic representation of JAB1 constructs. (C) Myc-tagged Y2H clone was transfected into 293T cells 
with the untagged TYK2 construct. Cell extracts were subjected to immunoprecipitation with anti-Myc 
antibody followed by immunoblotting with anti-TYK2 antibody. (D) FLAG-JAB1 wild type (WT), 
C-terminal deletion mutant (N) or JAMM mutant (D151N) was transfected into 293T cells together with 
the Myc-tagged TYK2 construct as indicated. Cell extracts were subjected to immunoprecipitation with 
anti-FLAG tag antibody followed by immunoblotting with anti-Myc-tag antibody. (E and F) Mapping of 
the JAB1-interacting region on TYK2. FLAG-JAB1 was transfected into 293T cells with the TYK2 
constructs. Cell extracts were subjected to immunoprecipitation with anti-Myc antibody followed by 
immunoblotting with anti-FLAG antibody. (G) Interaction between endogenous JAB1 and TYK2 in HeLa 
cells. HeLa cells (2×108 cells) were stimulated with or without IFN- (1000 U/ml) for 5 min. The cells 
were then lysed, immunoprecipitated with control IgG or anti-TYK2 antibody, and subjected to western 
blot analysis for JAB1 and TYK2. An aliquot of total cell lysate was also analyzed. (H) Co-localization of 
JAB1 and TYK2 in HeLa cells. FLAG-JAB1 and Myc-TYK2 were co-transfected into HeLa cells. After 
cells had been fixed, localization of FLAG-JAB1 and Myc-TYK2 was analyzed by immunocytochemistry 
with anti-FLAG and anti-Myc antibodies as described in Materials and methods. DAPI was used for 
nuclear staining. (I) Co-localization of endogenous JAB1 and endogenous TYK2 in HeLa cells. HeLa 
cells were left untreated or treated with IFN- (1000 U/ml) for 30 min. The cells were fixed and stained 
with anti-TYK2 and anti-JAB1 antibodies. For negative control staining, cells were incubated without 
primary antibody. 
 
FIGURE 2. Knockdown of JAB1 attenuates TYK2 and STAT activation induced by IFN-. (A and 
B) HeLa cells were transfected with control or JAB1 (encoded by COPS5) siRNA, and the cells were 
stimulated with IFN- (1000 U/ml) for the indicated periods. The cells were lysed, and lysate was 
immunoblotted with the indicated antibodies. (C) HeLa cells were transfected with JAB1 siRNA, TYK2 
siRNA or together as indicated, and cells were stimulated with IFN- (1000 U/ml) for 30 min. The cells 
were lysed, and lysate was immunoblotted with the indicated antibodies. (D) Knockdown of JAB1 
attenuates transcriptional activation induced by IFN-. HeLa cells were transfected with control or 
COPS5 siRNA. The cells were then transfected with ISRE-LUC or STAT3-LUC using jetPEI. The cells 
were stimulated with IFN- (1000 U/ml) 24 h after transfection. Twelve hours after stimulation, the cells 
were harvested and the luciferase activities were measured. Results are the mean of three independent 
experiments. The error bars represent the SEM (n=3). *P < 0.05. (E) HeLa cells were treated with control 
or COPS5 siRNA. Cells were then stimulated with IFN- (1000 U/ml) for 2 h. Total RNA samples 
isolated from these cells were subjected to quantitative real-time PCR analysis using IRF1, CXCL11, PML, 
IFNAR1, COPS5 or ACTB primers. Data represent the levels of mRNA normalized to the ACTB internal 
control and are expressed relative to the value of control siRNA-treated samples without IFN- 
stimulation. Results are the mean of three independent experiments. The error bars represent the SEM 
(n=3). *P < 0.05 **P < 0.01 
 
FIGURE 3. JAB1 maintains the protein level of IFNAR1. (A) HeLa cells were transfected with control, 
JAB1 or TYK2 siRNA. The cells were lysed, and lysate was immunoblotted with the indicated antibodies. 
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(B) Biotinylated HeLa cell surface proteins were precipitated with streptavidin-agarose beads and 
analyzed by immunoblotting with IFNAR1 antibody. Total cell lysates were immunoblotted with the 
indicated antibodies. (C) Densitometric analysis of western blots shown in A. IFNAR1 protein band 
intensity was quantified and normalized to the density of the β-actin band and data are expressed as a 
percentage relative to control, which was set at 100% (left panel). The intensity of neddylated and 
unmodified CUL1 bands was quantified by densitometry, and the percentage of neddylated to the total of 
neddylated and unmodified CUL1 band is indicated (right panel). Results are the mean of eight 
independent experiments. The error bars represent the SEM (n=8). ***P < 0.005. 
 
FIGURE 4. NEDD8 is involved in the IFNAR1 turnover. (A) Effect of the knockdown of CSN 
components on the level of IFNAR1 protein. HeLa cells were transfected with control, JAB1, CSN2 or 
CSN4 siRNA. Forty-eight hours after transfection, the cells were lysed and lysate was immunoblotted 
with the indicated antibodies. (B) Effect of MG132 treatment on the level of IFNAR1 protein. HeLa cells 
were transfected with control, JAB1 or NEDD8 siRNA. Forty-eight hours after transfection, proteasome 
inhibitor MG132 (10 M) was added and incubated for 5 h. The cells were then lysed and subjected to 
western blot analysis. (C) Ligand-induced degradation of IFNAR1 is slowed down by knockdown of 
NEDD8. HeLa cells were transfected with control or NEDD8 siRNA. Forty-eight hours after transfection, 
IFN- (1000 U/ml) was added and incubated for the indicated periods. The cells were then lysed and 
subjected to western blot analysis. (D) HeLa cells were transfected with control or JAB1 siRNA. The 
cells were lysed, and lysate was immunoblotted with the indicated IFNR antibodies. (E) HeLa cells were 
transfected with control or JAB1 siRNA, and the cells were stimulated with IFN- (10 ng/ml) for the 
indicated periods. The cells were lysed, and lysate was immunoblotted with the indicated antibodies. 
 
FIGURE 5. NAE inhibitor treatment increases endogenous IFNAR1 protein level and renders HeLa 
cells susceptible to growth suppressive effects by IFN-. (A) Effect of the inhibitors on the level of 
IFNAR1 protein. HeLa cells were treated with NAE inhibitor (1 M), NH4Cl (20 mM), Chloroquine (50 
M), or MG132 (10 M) for 12 h. The cells were lysed, and lysate was immunoblotted with the indicated 
antibodies. (B) Effect of the NAE inhibitor pretreatment on IFN- effects. HeLa cells were treated with 
DMSO control or NAE inhibitor (1 M) for 12 h and then stimulated with IFN- (1000 U/ml) for the 
indicated periods. The cells were lysed, and lysate was immunoblotted. Right graph shows the 
densitometric analysis of western blots. Phospho-STAT1 protein band intensity was quantified and 
normalized to the density of the total-STAT1 band and data are expressed as a percentage relative to 
DMSO-treated cells stimulated with IFN- (15 min), which was set at 100%. Results are the mean of five 
independent experiments. The error bars represent the SEM (n=5). *P < 0.05. (C) HIV-1-based lentiviral 
particles expressing GFP (Lenti-GFP) were prepared and assayed for transduction of GFP into HeLa cells. 
For infection, HeLa cells were pretreated with either IFN- (1000 U/ml), NAE inhibitor (1 M) or IFN- 
plus NAE inhibitor for 3 h and then cultured in medium containing lentivirus particles for 48 h. GFP 
expression was analyzed by flow cytometry. Representative flow cytometric dot plots are shown (left 
panels). Right graph shows the total % of GFP-positive cells. Results are the mean of three independent 
experiments. The error bars represent the SEM (n=3). *P < 0.05. (D) HeLa cells treated as in C were 
collected and total RNA samples isolated from these cells were subjected to quantitative real-time PCR 
analysis using APOBEC3G or ACTB primers. Data represent the levels normalized to the ACTB internal 
control and are expressed relative to the value of control samples. Results are the mean of three 
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independent experiments. The error bars represent the SEM (n=3). *P < 0.05 **P < 0.01. (E) HeLa cells 
(5×103) were treated with the indicated concentrations of IFN-, NAE inhibitor or both for 48 h, and the 
cell viability was determined by Cell Counting Kit-8. Results are the mean of three independent 
experiments. The error bars represent the SEM (n=3) *P < 0.05 **P < 0.01 ***P < 0.005. (F) HeLa cells 
were treated with IFN- (1000 U/ml) in the absence or presence of NAE inhibitor (1 M) for 24 h. DNA 
profiles were analysed by flow cytometry. The percentage of re-replicated cells (the DNA content higher 
than 4N) and of dead (sub-G1) are shown. Results are the mean of three independent experiments. The 
error bars represent the SEM (n=3). *P < 0.05 ***P < 0.005. (G) The effect of NAE inhibitor on the level 
of IFNAR1 protein in various types of cells. Non-transformed cell (human smooth muscle) and different 
cell types (human keratinocyte HaCaT, human hepatoma Hep3B, human T cell leukemia Jurkat and 
human pre-B cell leukemia NALM-6) as well as HeLa cells were treated with NAE inhibitor (1 M) for 
12 h. The cells were lysed, and lysate was immunoblotted with the indicated antibodies. 
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