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ABSTRACT

Interferons (IFNs) restrict various kinds of viral infection via induction of hundreds of IFN-stimulated genes (ISGs), while the
functions of the majority of ISGs are broadly unclear. Here, we show that a high-IFN-inducible gene, ISG12a (also known as
IFI27), exhibits a nonapoptotic antiviral effect on hepatitis C virus (HCV) infection. Viral NS5A protein is targeted specifically
by ISG12a, which mediates NS5A degradation via a ubiquitination-dependent proteasomal pathway. K374R mutation in NS5A
domain III abrogates ISG12a-induced ubiquitination and degradation of NS5A. S-phase kinase-associated protein 2 (SKP2) is
identified as an ubiquitin E3 ligase for NS5A. ISG12a functions as a crucial adaptor that promotes SKP2 to interact with and de-
grade viral protein. Moreover, the antiviral effect of ISG12a is dependent on the E3 ligase activity of SKP2. These findings un-
cover an intriguing mechanism by which ISG12a restricts viral infection and provide clues for understanding the actions of in-
nate immunity.

IMPORTANCE

Upon virus invasion, IFNs induce numerous ISGs to control viral spread, while the functions of the majority of ISGs are broadly
unclear. The present study shows a novel antiviral mechanism of ISGs and elucidated that ISG12a recruits an E3 ligase, SKP2, for
ubiquitination and degradation of viral protein and restricts viral infection. These findings provide important insights into ex-
ploring the working principles of innate immunity.

Hepatitis C virus (HCV) presents a considerable threat to
global health, with approximately 185 million people infected

worldwide (1). Infection with HCV holds a high risk of causing
chronic hepatitis, cirrhosis, and hepatocellular carcinoma, result-
ing in 350,000 human deaths each year. Although current devel-
oped direct-acting antivirals (DAAs) are capable of effectively
eradicating HCV infection from patients, several hurdles remain,
including high costs, emergence of drug resistance, and side effects
(2). Treatment with DAAs in a portion of HCV patients suffering
from advanced liver disease does not eliminate the risk of hepato-
cellular carcinoma. Moreover, reinfection of the cured individual
is possible due to the lack of a prophylactic vaccine (3).

HCV is an enveloped positive-stranded RNA virus that belongs
to the Flaviviridae family. The genome of HCV encodes a single
long polyprotein precursor of about 3,000 amino acids, which is
processed by cellular and viral proteases into three structural pro-
teins, including the core, E1, and E2 proteins, and seven nonstruc-
tural proteins, including p7, NS2, NS3, NS4A, NS4B, NS5A, and
NS5B. The propagation of HCV necessitates the participation of
both viral proteins and host factors. Particularly, NS5A protein as
a multifunctional protein is indispensable for HCV replication
and virus production (4–7).

After viral infection of host cells, viral RNAs and/or DNAs are
sensed as nonself by pattern recognition receptors (PRRs), result-
ing in activation of antiviral innate immune response to restrict
virus spread (8). Activation of PRR signaling pathways leads to the
production of numerous cytokines, including interferons (IFNs),
interleukins, and chemokines. IFNs, including types I, II, and III,
conduct functions via binding to their specific receptors, which
activates the JAK-STAT pathway and induces hundreds of inter-

feron-stimulated genes (ISGs) (9). ISGs encoding innate immune
effectors are believed to inhibit almost every step of the virus life
cycle (10). Lots of antiviral ISGs have been selected among the
known ISG pools using different approaches, including RNA in-
terference-based screens and overexpression screening (11–14).
However, the mechanisms by which the majority of ISGs restrict
virus infection are broadly unclear.

ISG12a (interferon-stimulated gene 12a), also known as IFI27
(interferon alpha-inducible protein 27), belongs to the IFI6/IFI27
family, which contains a conserved �80-amino-acid motif,
termed the ISG12 motif (15, 16). Humans have four members of
IFI6/IFI27 family, including the IFI6, ISG12a, ISG12b, and ISG12c
genes; whereas, mice have only three family members, including
the ISG12a, ISG12b1, and ISG12b2 genes, and do not contain an
IFI6 gene ortholog (16, 17). Interestingly, the human ISG12a gene
is able to be highly induced by type I IFN, while the ISG12b and
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ISG12c genes are not IFN inducible (16, 18). Human ISG12a and
murine Ifi27 are identified as transmembrane proteins, while the
exact localization of these proteins remains controversial (19–21).

Our previous studies demonstrated that ISG12a is involved in
cell apoptosis triggered by tumor necrosis factor-related apopto-
sis-inducing ligand (TRAIL) treatment, and Newcastle disease vi-
rus (NDV) or HCV infection (22, 23). MiR-942 targeting ISG12a
is capable of regulating the TRAIL- and HCV-induced apoptosis
(23, 24). More importantly, ISG12a can be markedly induced by
HCV infection and mediates apoptosis of HCV-infected cells at
the late stage of viral infection (6 to 9 days postinfection) in
HLCZ01 cells, a novel hepatoma cell line established recently in
our laboratory, which presents an innate immune mechanism for
restriction of HCV propagation (24, 25). In addition, murine Ifi27
also exhibits antiviral activities on West Nile virus (WNV) and
murine hepatitis virus (MHV) with unknown mechanisms (26,
27). However, the direct antiviral functions for ISG12a to restrict
HCV infection, especially at the early stage of viral infection before
triggering cell apoptosis, remain to be elucidated.

Ubiquitination has been known to regulate various crucial cel-
lular events, such as cell cycle and division, DNA repair, apoptosis,
and immune response, by the induction of proteasomal degrada-
tion of target proteins (28). However, whether the processes of
ubiquitination are involved in the antiviral effects of the IFI6/
IFI27 family members is unknown. In the present study, we report
that ectopic expression of ISG12a remarkably inhibits HCV rep-
lication in both HCV infectious culture systems and replicon cells.
Viral NS5A is targeted specifically by ISG12a that mediates NS5A
degradation in a ubiquitination-dependent manner. K374R mu-
tation in NS5A domain III abrogates ISG12a-induced ubiquitina-
tion and degradation of NS5A. Furthermore, ISG12a functions as
a crucial adaptor that promotes an E3 ligase S-phase kinase-asso-
ciated protein 2 (SKP2) to interact with and degrade viral protein.
The antiviral activity of ISG12a is dependent on the E3 ligase do-
main of SKP2. These findings uncover an intriguing mechanism
by which ISG12a restricts viral infection and provide clues for
understanding the actions of innate immunity.

MATERIALS AND METHODS
Cell culture and reagents. Huh7.5 cells and FL-neo, an Huh7-based HCV
1b full-length replicon cell line, were kindly provided by Charles M. Rice
(Rockefeller University, New York, NY). The HLCZ01 cell line was estab-
lished in our lab (25). HEK293T cells were purchased from Boster.
HLCZ01 cells were cultured in collagen-coated tissue culture plates and
cultured with Dulbecco’s modified Eagle’s medium (DMEM)/F-12 me-
dium supplemented with 10% (vol/vol) fetal bovine serum (FBS) (Gibco),
40 ng/ml of dexamethasone (Sigma), insulin-transferrin-selenium (ITS)
(Lonza), penicillin, and streptomycin. Other cells were propagated in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
FBS, L-glutamine, nonessential amino acids, penicillin, and streptomycin.
The plasmid pRL-HL, a gift from Stanley M. Lemon, is a bicistronic ex-
pression construct encoding Renilla and firefly luciferase cDNAs trans-
lated from the 5= cap and internally from the HCV internal ribosome entry
site (IRES), respectively. Cells in 12-well plates were transfected with 500
ng of pRL-HL plasmid by Lipofectamine 2000. After 24 h of transfection,
the cells were harvested to assay the activities of firefly and Renilla lucif-
erase by the Promega dual-luciferase reporter assay system (Promega).

Plasmid construction. The short hairpin RNAs (shRNAs) targeting
ISG12a and SKP2 were inserted into the pSilencer-neo plasmid (Am-
bion). The target sequence of ISG12a shRNA was 5=-AAGTTCATCCTG
GGCTCCATT-3=. The target sequence of SKP2 shRNA was 5=-AAGTTG
CAGAATCTAAGCCTG-3=. ISG12a and SKP2 cDNAs were synthesized
from total cellular RNA isolated from HLCZ01 cells by standard reverse
transcription-PCR (RT-PCR) and were subsequently cloned into the
pcDNA3.1a vector and/or p3�FLAG-CMV vector. Multiple domains of
ISG12a and SKP2 were amplified from the templates of full-length ISG12a
and SKP2, respectively, and were cloned into the p3�FLAG-CMV or
pcDNA3.1a vector. The primers for amplification of the genes or domains
described above are shown in Table 1 and Table 2. The viral genes and

TABLE 1 Primers for amplification of SKP2 domains

Domain and primer
orientation Primer sequence

pcDNA3.1a-SKP2-N
Forward GGAATTCATGCACGTATTTAAAACTCC
Reverse CCCAAGCTTCTTGGAACACTGAGACAG

pcDNA3.1a-SKP2-(N�L)
Forward GGAATTCATGCACGTATTTAAAACTCC
Reverse CCCAAGCTTGCAATTAATCTGTAGATGAG

pcDNA3.1a-SKP2-DL
Forward CCGCTCGAGATGCACGTATTTAAAACTCC
Reverse GGAATTCTCTTGGAACACTGAGACAGTATG
Forward GGAATTCTCCCATTTCACCACCATTGC
Reverse CCCAAGCTTTCATAGACAACTGGGCTTTTG

pcDNA3.1a-SKP2
Forward GGAATTCATGCACGTATTTAAAACTCC
Reverse CCCAAGCTTTCATAGACAACTGGGCTTTTG

TABLE 2 Primers for amplification of ISG12a domains

Domain and primer
orientation Primer sequence

p3�Flag-ISG12a-DII
Forward GGGGTACCATGGTGATTGGAGGAGTTGTGGC
Reverse GCTCTAGAGTAGAACCTCGCAATGACAG

p3�Flag-ISG12a-DII-N
Forward GGGGTACCATGGTGATTGGAGGAGTTGTGGC
Reverse GCTCTAGAAACTCCACCCCCATTGGCAA

p3�Flag -ISG12a-DII-C
Forward GGGGTACCATGGGTGGAGTTGCCTCGGGC
Reverse GCTCTAGAGTAGAACCTCGCAATGACAG

p3�Flag-ISG12a-DII-
(106–327)

Forward GGGGTACCATGGTGATTGGAGGAGTTGTGGC
Reverse GCTCTAGAAGACCCAATGGAGCCCAGGA

p3�Flag-ISG12a-DII-
(106–297)

Forward GGGGTACCATGGTGATTGGAGGAGTTGTGGC
Reverse GCTCTAGACAATCCGGAGAGTCCAGTTG

p3�Flag-ISG12a-DII-
(106–267)

Forward GGGGTACCATGGTGATTGGAGGAGTTGTGGC
Reverse GCTCTAGACTGCAGAGTAGCCACAAGGC

pcDNA3.1a-ISG12a
Forward GGGGTACCATGGAGGCCT CTGCTCTCAC
Reverse GCTCTAGAGTAGAACCTCGCAATGACAG
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regions, including the genes coding for the core, NS2, NS5A, and NS5B
proteins and the different domains of NS5A, were amplified from pJFH1
and subsequently cloned into the pcDNA3.1a vector and/or p3�FLAG-
CMV vector. The primers for amplification of viral genes or regions are
shown in Table 3. An NS5A expression construct with the K374R muta-
tion was generated by the QuikChange site-directed mutagenesis kits
from the template of p3�FLAG-CMV-NS5A plasmid (Stratagene). The
pHA-Ub (K48) plasmid was kindly provided by Zhengfan Jiang (Peking
University, Beijing, China).

HCV RNA and virus generation. The pJFH1 and pJFH1/GND plas-
mids were gifts from Takaji Wakita (National Institute of Infectious Dis-
eases, Tokyo, Japan). The linearized DNAs from the pJFH1 and pJFH1/
GND plasmids were purified and used as the templates for in vitro
transcription by the MEGAscript kit (Ambion, Austin, TX). In vitro-tran-
scribed genomic JFH1 or JFH1/GND RNA was delivered into Huh7.5 cells
by electroporation. The transfected cells were transferred to complete
DMEM and cultured for the indicated periods. Cells were passaged every
3 to 5 days, and the corresponding supernatants were collected and fil-
tered with a 0.45-�m-pore filter device. The viral titers are presented as
focus-forming units (FFU) per milliliter, determined by the average num-
ber of NS5A-positive foci detected in Huh7.5 cells.

Antibodies. Monoclonal antibodies against �-actin, ISG12a, Flag tag
and hemagglutinin (HA) tag were obtained from Sigma. V5 tag monoclo-

nal antibodies were purchased from Invitrogen. Monoclonal antibodies
against SKP2 were purchased from Santa Cruz Biotechnology. Mouse
monoclonal anti-NS5A and anti-NS3/4A antibodies were gifts from Chen
Liu (University of Florida, Gainesville, FL). Mouse monoclonal anti-NS2
antibody was kindly provided by Charles M. Rice. Goat anti-mouse and
goat anti-rabbit IgG-horseradish peroxidase (HRP) secondary antibodies
were purchased from Santa Cruz Biotechnology.

Real-time PCR assay. Total cellular RNA was extracted by TRIzol
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. The
Superscript III first-strand synthesis kit for reverse transcription of RNA
was purchased from Invitrogen. After RQ1 DNase (Promega) treatment,
the extracted RNA was used as the template for reverse transcription-
PCR. The real-time PCR was performed as described previously (29). For
absolute quantification analysis of HCV RNA, the standard curve was
established by in vitro-transcribed JFH1 RNA. The primers for detection
of HCV genomic RNA were described previously (25).

Western blotting. The Western blotting procedure was reported pre-
viously (25). Briefly, cells were washed with phosphate-buffered saline
(PBS) and lysed in radioimmunoprecipitation assay (RIPA) buffer (150
mM sodium chloride, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, and 50 mM Tris-HCl [pH 8.0] supplemented with 2 �g/ml
aprotinin, 2 �g/ml leupeptin, 20 �g/ml phenylmethylsulfonyl fluoride,
and 2 mM dithiothreitol [DTT]). Forty micrograms of protein was re-
solved by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF)
membrane, and probed with the appropriate primary and secondary an-
tibodies. The bound antibodies were detected by Supersignal West Pico
chemiluminescent substrate (Pierce, Rockford, IL).

Luciferase assay. Luciferase assays were performed with a luciferase
assay kit (Promega) according to the manufacturer’s instructions. The
luciferase activity in cells was normalized to protein concentrations deter-
mined by Bradford assays.

IP and immunoblotting. The cells were washed three times with
ice-cold PBS and lysed in lysis buffer supplemented with protease
inhibitor cocktail. The cell lysates were incubated at 4°C for 30 min
and centrifuged at 12,000 � g at 4°C for 15 min. The lysates were
diluted to the concentration of 2 �g/�l total cell protein with PBS
before immunoprecipitation (IP). Two hundred micrograms of lysates
was immunoprecipitated with the indicated antibodies. The immuno-
complex was captured by adding protein G agarose bead slurry. The
protein binding to the beads was boiled in 2� Laemmli sample buffer
and then subjected to 10% SDS-PAGE. The protocol for immunoblot-
ting was described above.

Bioinformatics analysis of protein-protein interaction. In order
to find the potential interacted protein of ISG12a, a biological database
STRING was used to predict the interactions between ISG12a and
other proteins (http://string-db.org). The top 50 output targets con-
taining SKP2 were obtained, and functional enrichment analysis was
conducted.

Statistical analysis. All results are presented as means � standard
deviations. Comparisons between two groups were performed using Stu-
dent’s t test, as indicated by asterisks in some of the figures: *, P � 0.05, **,
P � 0.01, and ***, P � 0.001, versus control.

RESULTS
ISG12a exhibits a nonapoptotic antiviral effect. The proapop-
totic role of ISG12a in damaging virus-infected cells for the con-
trol of viral spread was identified in our previous studies (22, 24).
However, the possible nonapoptotic antiviral effect of ISG12a has
not been verified yet. To avoid the potential apoptosis of cells, we
conducted ectopic expression of ISG12a for up to 72 h. FL-neo
cells, containing an HCV 1b full-length replicon, were transfected
with pcDNA3.1a-ISG12a or pSilencer-ISG12a followed by the de-
tection of viral protein. Ectopic expression or silencing of ISG12a
in FL-neo cells significantly reduced or increased the level of NS5A
protein, respectively, in a dose-dependent manner (Fig. 1A and

TABLE 3 Primers for amplification of fragments of HCV

Fragment and primer
orientation Primer sequence

p3�Flag-core
Forward GGAATTCATGAGCACCAAATCCTAAACC
Reverse CGGGATCCAGCAGAGACCGGAACGGTGA

pcDNA3.1a-NS2
Forward CCCAAGCTTATGTATGACGCACCTGTGCACGG
Reverse GCTCTAGAAAGGAGCTTCCACCCCTTGG

p3�Flag-NS5A
Forward CGGAATTCATGTCCGGATCCTGGCTCCGCG
Reverse GCTCTAGAGCAGCACACGGTGGTATCGT

p3�Flag-NS5B
Forward GGGGTACCGCCACCATGTCCATGTCATACTCCTGGA
Reverse GCTCTAGACCGAGCGGGGAGTAGGAAGAGG

pcDNA3.1a-NS5A
Forward CGCGCGGTACCATGTCCGGATCCTGGCT
Reverse CTGCAGTATAGACTGCAGCACACGTGGTAT

pcDNA3.1a-NS5A-DI
Forward CGCGCGGTACCATGTCCGGATCCTGGCT
Reverse CTGCAGTCTAGACTAGTCTCCGCCGTGAT

pcDNA3.1a-NS5A-DII
Forward CGCGCGGTACCATGGACGTGGACATGGT
Reverse CTGCAGTCTAGACTTGTCCGGCGTCTCCTT

pcDNA3.1a-NS5A
-DI-DII

Forward CGCGCGGTACCATGTCCGGATCCTGGCT
Reverse CTGCAGTCTAGACTTGTCCGGCGTCTCCTT

p3�Flag-NS5A-DIII
Forward GGGGTACCATGGTGGGTCTGAGCGAGAGCAC
Reverse GCTCTAGAGGGGGGGAGAGCACAACCAG

p3�Flag-NS5A-DII
-DIII

Forward GGGGTACCATGGACGTGGACATGT CGATGC
Reverse GCTCTAGAGGGGGGGAGAGCACAACCAG
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B). Similarly, knockdown of ISG12a in HCV-infected HLCZ01
cells remarkably augmented the amount of NS5A protein com-
pared to the control (Fig. 1C). Apart from NS5A, other viral pro-
teins, including NS2 and NS3/4A also showed decreased or aug-
mented expression in HCV-infected cells when we overexpressed
or silenced ISG12a, respectively (Fig. 1D). Consistent with the
results obtained from viral protein, silencing of ISG12a in-
creased the level of HCV genomic RNA and overexpression of
ISG12a reduced viral RNA abundance (Fig. 1E). To exclude the
possibility of cell apoptosis or cell death, we measured the via-

bility of cells treated as described above. The data demon-
strated that ectopic expression (Fig. 1F) and silencing (Fig. 1G)
of ISG12a, with or without HCV infection, did not trigger cell
death in Huh7.5 and HLCZ01 cells. Taken together, these re-
sults indicated that ISG12a has a direct antiviral effect of re-
stricting HCV infection.

ISG12a triggers the reduction of exogenous NS5A protein.
The reduction of viral proteins by ISG12a expression may be
caused by the inhibition of viral RNA translation. To assess this
possibility, we used a pRL-HL plasmid that contains HCV bicis-

FIG 1 ISG12a exhibits a nonapoptotic antiviral effect. (A and B) Western blotting of lysates from FL-neo cells transfected with pcDNA3.1a-V5/His-ISG12a
(upper) or pSilencer-ISG12a (lower) plasmid for a gradient dose (48 h) (A) or at different time points (B). NS5A was measured by anti-NS5A antibody.
Exogenous ISG12a and endogenous ISG12a were detected with anti-V5 monoclonal antibody and anti-ISG12a polyclonal antibody, respectively. (C) HLCZ01
cells were infected by HCV (multiplicity of infection [MOI], 0.1) for 24 h followed by the transfection of pSilencer-ISG12a plasmid for 48 h. NS5A and ISG12a
were detected by Western blotting. (D and E) Huh7.5 cells were infected by HCV (MOI, 0.1) for 24 h followed by the transfection of pcDNA3.1a-V5/His-ISG12a
or pSilencer-ISG12a plasmid for 48 h. (D) HCV NS2, NS3/4A and NS5A proteins were detected by Western blotting. (E) HCV RNA was analyzed by real-time
PCR. Error bars represented standard deviations (SD) from triplicate experiments. *, P � 0.05. (F and G) HLCZ01 and Huh7.5 cells were infected with or without
HCV (MOI, 0.1) for 24 h followed by the transfection of pcDNA3.1a-V5/His-ISG12a (F) or pSilencer-ISG12a (G) plasmid for 48 h. The MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium assay] was performed, and error bars represent SD from triplicate ex-
periments. V5 was the tag used.
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tronic RNAs. In the pRL-HL system, the expression of firefly and
Renilla luciferase genes is driven by the HCV IRES and cap ele-
ment, respectively, which allows the assay of HCV RNA transla-
tion. However, we did not observe the significant change of viral
translation when we cotransfected pRL-HL plasmid with various
doses of pcDNA3.1a-ISG12a (Fig. 2A) or pSilencer-ISG12a (Fig.
2B) plasmid in Huh7.5 cells and nonhepatic CHO cells. These data
suggested that ISG12a is probably capable of regulating posttrans-
lation of viral proteins.

To test the regulatory effect of ISG12a on viral proteins, we
cotransfected pcDNA3.1a-ISG12a plasmid and multiple con-
structs designed for exogenous expression of viral proteins in
HEK293T cells. Strikingly, the level of exogenous NS5A protein,
not other viral proteins, including core, NS2, NS3/4A, NS4B, and
NS5B, was markedly decreased in the ISG12a-expressed group
compared to the control group (Fig. 2C). The data indicated the
specific inhibitory regulation of the posttranslational process in
NS5A protein by ISG12a.

ISG12a induces the proteasome-dependent degradation of
NS5A. Based on the above finding that ISG12a can reduce the level
of exogenous NS5A protein, we speculated that ISG12a may trig-
ger NS5A degradation via the proteasomal pathway. To verify this
hypothesis, we treated the cells with proteasome inhibitor MG132
following the overexpression of ISG12a. The decrease of exoge-
nous NS5A protein caused by ISG12a was reversed by the treat-
ment with MG132 (Fig. 3A). Furthermore, MG132 treatment also
abrogated the inhibitory effect of ISG12a on endogenous NS5A
protein in FL-neo cells (Fig. 3B) and HCV-infected Huh7.5 cells
(Fig. 3C). On the other hand, silencing of ISG12a increased the
level of NS5A protein, which was not further affected by MG132
treatment (Fig. 3D). These results indicated that ISG12a plays a
pivotal role in NS5A degradation.

In the next experiments, we observed apparent polyubiquitin
chains conjugated in NS5A protein with ISG12a overexpression
(Fig. 3E), which may contribute to NS5A degradation. The K48-
dependent ubiquitination is a classical regulatory process for pro-
tein degradation. To explore whether ISG12a-triggered ubiquiti-
nation of NS5A belongs to a K48-mediated event, we used a
mutant ubiquitin-expressed construct that only retains a K48 site
with mutation of other lysine residues. The result showed that
overexpression of ISG12a induced remarkable K48-linked ubiq-
uitination of NS5A (Fig. 3F). During HCV infection, upregula-
tion of ISG12a correlates with the increase of NS5A ubiquiti-
nation in a time-dependent manner (Fig. 3G), while the
process of ubiquitination was attenuated by the knockdown of
ISG12a (Fig. 3H). Collectively, these data demonstrated that
ISG12a induces NS5A degradation via a ubiquitination-medi-
ated proteasomal pathway.

ISG12a interacts with NS5A. The result that ISG12a induces
the ubiquitination of NS5A protein prompted us to assess the
possibility of interaction between ISG12a and NS5A. We coex-
pressed ISG12a and NS5A, as well as ISG12a and other viral pro-
teins, in HEK293T cells followed by IP analyses of the interactions
between ISG12a and the individual viral protein. Consistent with
our assumption, ISG12a indeed interacted with NS5A protein and
had no binding affinity with other viral proteins, such as core,
NS2, and NS5B (Fig. 4A). The data indicated the specific targeting
property of ISG12a on viral protein.

Next, we want to know which pivotal domains of ISG12a and
NS5A are necessary or sufficient for their interaction. The major
functional domains of NS5A are illustrated in Fig. 4B. We per-
formed IP analyses with full-length ISG12a and various do-
mains of NS5A. The results showed that domain III (DIII) and
domain II to III (DII to DIII) of NS5A were both capable of

FIG 2 ISG12a triggers the reduction of exogenous NS5A protein. (A and B) Huh7.5 and CHO cells were cotransfected with pRL-HL plasmid and the different
doses of pcDNA3.1a-V5/His-ISG12a (A) or pSilencer-ISG12a (B) plasmids for 24 h. Cells were harvested for the luciferase assay. Error bars represent SD from
triplicate experiments. (C) Western blotting of lysates from HEK293T cells cotransfected with the indicated plasmids for 48 h. Exogenous core, NS2, NS3/4A,
NS4B, NS5A, and NS5B proteins were detected with anti-V5 or anti-Flag antibody. V5 and Flag were the tags used.
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interacting with ISG12a (Fig. 4C, right), while NS5A DI, DII,
and DI-DII did not interact with ISG12a (Fig. 4C, left). Thus,
we held that DIII of NS5A is the critical domain for binding to
ISG12a. On the other hand, we divided the ISG12a protein into
several truncations (Fig. 4D) and assessed the associations be-
tween these truncations of ISG12a and full-length NS5A pro-
tein. We did not test the domain I of ISG12a because this do-
main was unstable in the cells. Among other domains of
ISG12a analyzed in the assay, domain II (DII) and the C-ter-
minal domain of DII (DII-C) of ISG12a were identified to in-
teract with NS5A, which suggested that DII-C is the key do-
main for ISG12a to target NS5A (Fig. 4E).

Our above findings revealed that ISG12a binds to NS5A
DIII, which propelled us to test the degraded effect of ISG12a
on NS5A DIII and other domains. Consistent with the proper-
ties of interactions, ISG12a did not induce the degradation of
NS5A DII and DI-DII (Fig. 4F, upper) but triggered the re-
markable degradation of NS5A DIII and DII-DIII (Fig. 4F,
lower). In addition, ISG12a was also capable of inducing the
ubiquitination of NS5A DIII (Fig. 4G). Through the analysis of
distribution of lysine residues within NS5A DIII, we found only
one lysine residue, K374. Ectopic expression of ISG12a did not
trigger the ubiquitination of NS5A with K374R mutation, sug-
gesting K374 within NS5A protein is a key lysine residue for
ISG12a-induced degradation (Fig. 4H). These data indicated
that domain III of NS5A not only contains the essential regions

for ISG12a binding but also includes the functional sites, at
least including the ubiquitin-conjugated K374 site, for ISG12a-
mediated degradation.

The C-terminal portion of ISG12a domain II is critical for
NS5A degradation. To explore the pivotal functional region of
ISG12a for degrading viral protein, we overexpressed various do-
mains of ISG12a in FL-neo cells and assessed their inhibitory ef-
fects on viral protein. First, we found that ISG12a DII was able to
degrade the NS5A protein in a dose-dependent manner (Fig. 5A).
When we treated the cells with MG132, the inhibitory effect of
ISG12a DII on viral protein was reversed (Fig. 5B). Moreover,
ISG12a DII-C, not DII-N (the N terminal of DII), was responsible
for the degradation of NS5A (Fig. 5C) and the subsequent sup-
pression of viral replication and virus production (Fig. 5D and E).
To further investigate the restricted functional region within
ISG12a DII-C, we deleted the partial fragments of the C-terminal
from full-length DII of ISG12a (Fig. 5F). After cotransfection of
the different deletion constructs of ISG12a DII and p3�FLAG-
NS5A plasmid in HEK293T cells, we found that the level of NS5A
protein was reduced in the treatment of DII (amino acids [aa] 36
to 109) [DII(36 –109)] and was not affected by expression of
DII(36 –99) and DII(36 – 89) (Fig. 5G). Similar results were ob-
tained from FL-neo cells transfected with these ISG12a DII dele-
tion constructs (Fig. 5H). These findings suggested a key region
covering 10 amino acids (aa 100 to 109) with the restricted func-
tion of ISG12a. To confirm the importance of this region, we

FIG 3 ISG12a induces the proteasome-dependent degradation of NS5A. (A) Western blotting of lysates from HEK293T cells cotransfected with the indicated
plasmids for 18 h followed by the treatment with MG132 (25 �M) for 6 h. (B and C) FL-neo (B) and HCV-infected Huh7.5 (C) cells were transfected with
pcDNA3.1a-V5/His-ISG12a or pcDNA3.1a-V5/His vector for 36 h and then treated with MG132 (25 �M) for 6 h. NS5A protein was detected by Western
blotting. (D) FL-neo cells were transfected with pSilencer-ISG12a or pSilencer vector for 36 h and then treated with MG132 (25 �M) for 6 h. NS5A protein was
detected by Western blotting. (E) Ubiquitination assay and Western blotting of lysates from HEK293T cells cotransfected with the indicated plasmids for 48 h.
MG132 (25 �M) was added to cells for 6 h prior to harvesting of cell lysates, and IP experiments were conducted with anti-NS5A antibody followed by the
ubiquitination assay of NS5A protein. (F) Cells were treated as described for panel E, and pHA-Ub (K48) plasmid was used in the ubiquitination assay of NS5A
protein. (G) HLCZ01 cells were infected with or without HCV (MOI, 0.1) for the indicated time points. The ubiquitination assay was conducted as described for
panel E. (H) HLCZ01 cells were infected by HCV (MOI, 0.1) for 24 h followed by the transfection of pSilencer-ISG12a or pSilencer vector plasmid for 48 h. The
ubiquitination assay was conducted as described for panel (E). V5, Flag, and HA were the tags used.
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established an expression construct of ISG12a that only deletes the
fragment from aa 100 to 109. Gradient transfection of this con-
struct did not affect the amount of NS5A protein in FL-neo cells
(Fig. 5I). Taken together, these results demonstrated that the

DII-C of ISG12a is sufficient for triggering NS5A degradation and
the fragment from aa 100 to 109 in ISG12a DII-C is required for
the degraded function of ISG12a.

SKP2 is an E3 ligase for NS5A. ISG12a can interact with NS5A

FIG 4 ISG12a interacts with NS5A. (A) IP analysis of ISG12a and viral protein from HEK293T cells expressing exogenous ISG12a and individual viral proteins,
including NS5A, core, NS2, and NS5B. (B) Schematic representation of the domains of NS5A. (C) IP analysis of ISG12a and various domains of NS5A from
HEK293T cells expressing exogenous ISG12a and different domains of NS5A, including NS5A DI, DII, DI-DII, DIII, and DII-DIII. (D) Schematic representation
of the domains of ISG12a. (E) IP analysis of NS5A and various domains of ISG12a from HEK293T cells expressing exogenous NS5A and different domains of
ISG12a, including ISG12a DII, DII-N, and DII-C. (F) Western blotting of lysates from HEK293T cells expressing exogenous ISG12a and different domains of NS5A
for 48 h. (G) Ubiquitination assay and Western blotting of lysates from HEK293T cells cotransfected with the indicated plasmids for 48 h. MG132 (25 �M) was added
to cells for 6 h prior to harvesting of cell lysates, and IP experiments were conducted with anti-Flag antibody followed by the ubiquitination assay of NS5A DIII protein.
(H) Cells were treated as described for panel G, followed by the ubiquitination assay of wild-type or K374R mutant NS5A protein. V5, Flag, and HA were the tags used.
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and promote the ubiquitination and degradation of NS5A via the
proteasome-dependent pathway, indicating that ISG12a may par-
ticipate directly in the process of NS5A ubiquitination. Because
ISG12a has no activity of ubiquitin ligase (known as E3 ligase), we
speculated that ISG12a is likely to recruit an E3 ligase to conduct
the ubiquitination of NS5A. Using a bioinformatics search, we
found a promising candidate, SKP2, which belongs to the subset
of E3 ligase and is predicted to interact with ISG12a. To verify
this prediction, we cotransfected the plasmids encoding SKP2 and
ISG12a in HEK293T cells and analyzed the interaction between
SKP2 and ISG12a. The IP assay indeed confirmed the association
between ISG12a and SKP2 (Fig. 6A, left). Strikingly, we also de-
tected the interaction between SKP2 and NS5A when we cotrans-
fected their expression constructs in HEK293T cells (Fig. 6A,
right). Additionally, HCV infection was able to enhance the inter-
action between ISG12a and SKP2 (Fig. 6B). These results, along

with the finding of ISG12a-NS5A interaction, suggested that
ISG12a, SKP2, and NS5A exist in a protein complex and the for-
mation of this complex may lead to the ubiquitination and degra-
dation of viral protein.

To identify the role of SKP2 in the process of NS5A ubiquiti-
nation, we overexpressed or knocked down SKP2 in the exoge-
nous NS5A-expressed HEK293T cells. The data showed that ecto-
pic expression of SKP2 markedly increased the level of NS5A
ubiquitination (Fig. 6C). Silencing of SKP2 did not eliminate the
basal ubiquitination of NS5A, indicating that the other E3 ligases
may be involved in regulation of the stability of NS5A (Fig. 6C). In
addition, overexpression of SKP2 had no effect on the basal ubiq-
uitination of HCV NS4B and NS5B proteins (Fig. 6D). Impor-
tantly, HCV-induced ubiquitination of NS5A was attenuated
by the knockdown of SKP2, indicating that SKP2 plays an es-
sential role in NS5A ubiquitination (Fig. 6E). Although the

FIG 5 The C-terminal domain of ISG12a domain II is critical for NS5A degradation. (A) FL-neo cells were transfected with different dose of p3�FLAG-ISG12a-
DII plasmid for 48 h. NS5A was detected by Western blotting. (B) FL-neo cells were transfected with p3�FLAG-ISG12a-DII plasmid for 36 h, followed by
treatment with MG132 (25 �M) for 6 h. NS5A was detected by Western blotting. (C) FL-neo cells were transfected with the indicated plasmids for 48 h. NS5A
protein was detected by Western blotting. (D and E) Huh7.5 cells were infected with HCV for 6 h and then transfected with the indicated plasmids for 48 h.
Intracellular HCV RNA (D) and extracellular infectious virus particles (E) were detected by real-time PCR and FFU assay, respectively. Error bars
represent SD from triplicate experiments. *, P � 0.05. (F) Schematic representation of the truncations of ISG12a-DII-C. (G to I) Western blotting of
lysates from HEK293T cells expressing exogenous NS5A and ISG12a domains (G) and FL-neo cells expressing exogenous ISG12a domains (H and I) for
48 h. Flag was the tag used.
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individual overexpression of SKP2 had little effect on NS5A
degradation, coexpression of SKP2 and ISG12a significantly
enhanced the degradation of NS5A compared to the ISG12a
monotreatment (Fig. 6F). On the other hand, silencing of SKP2
remarkably inhibited the degraded function of ISG12a on viral pro-
tein (Fig. 6G). Cell viability was also determined under the condition
of SKP2 overexpression and knockdown. The data showed that the
changes of SKP2 expression in cells did not affect cell viability (Fig.
6H). Collectively, these results indicated that SKP2 is an E3 ligase for
NS5A and participates in ISG12a-mediated degradation of viral pro-
tein.

Ubiquitination of NS5A by SKP2 is dependent on ISG12a.
Although the interaction between SKP2 and NS5A was observed
in our study, whether their interaction necessitates the help of

ISG12a is unclear. To assess the action of ISG12a in this process,
we overexpressed or knocked down ISG12a in HLCZ01 cells fol-
lowed by the analysis of SKP2-NS5A interaction. The data dem-
onstrated that ectopic expression or silencing of ISG12a signifi-
cantly enhanced or attenuated the interaction between NS5A and
SKP2, respectively (Fig. 7A and B). When the exogenous ISG12a,
NS5A, and SKP2 were simultaneously expressed in cells, the triple
interactions of them could be identified by IP analyses (Fig. 7A).
Furthermore, overexpression of ISG12a also increased the level of
NS5A ubiquitination by SKP2, whereas silencing of ISG12a in-
hibited SKP2-triggered ubiquitination of NS5A (Fig. 7C).
These findings indicated that ISG12a acts as an adaptor to me-
diate SKP2-NS5A interaction, NS5A ubiquitination, and sub-
sequent degradation of NS5A by SKP2.

FIG 6 SKP2 is an E3 ligase for NS5A. (A) IP analysis of SKP2 and ISG12a (left) or NS5A (right) from HEK293T cells coexpressing exogenous SKP2 and ISG12a
or NS5A. (B) IP analysis of SKP2 and endogenous ISG12a from HLCZ01 cells transfected with pcDNA3.1a-myc/His-SKP2 plasmid followed by HCV infection
for 48 h. (C) Ubiquitination assay and Western blotting of lysates from HEK293T cells expressing exogenous NS5A and HA-ubiquitin (HA-ub) with or without
SKP2 silencing for 48 h. MG132 (25 �M) was added into cells for 6 h prior to harvesting cell lysates and IP experiments were conducted with anti-Flag antibody
followed by the ubiquitination assay of NS5A protein. (D) Cells were treated as described for panel C followed by the ubiquitination assays of NS4B (left) and
NS5B (right) proteins. (E) HLCZ01 cells were infected by HCV (MOI, 0.1) for 24 h followed by transfection with pSilencer-SKP2 or pSilencer vector plasmid for
48 h. The ubiquitination assay was conducted as described for panel C. (F and G) FL-neo cells were cotransfected with p3�FLAG-ISG12a and pcDNA3.1a-myc/
His-SKP2 (F) or pSilencer-SKP2 (G) plasmid for 48 h followed by Western blotting of NS5A. (H) Huh7.5 and HLCZ01 cells were transfected with pcDNA3.1a-
myc/His-SKP2 or pSilencer-SKP2 plasmid for 48 h. The MTS assay was performed, and error bars represent SD from triplicate experiments. V5, Flag, and HA
were the tags used.
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Characterization of the interactions between SKP2 and
ISG12a/NS5A. To explore the interaction mechanisms be-
tween SKP2 and ISG12a, as well as SKP2 and NS5A, we divided
SKP2 into several truncations (Fig. 8A). Particularly, the leu-
cine-rich repeat (LRR) domain is implicated in substrate bind-
ing and harbors the E3 ligase activity. Using IP assays, we found
that ISG12a did not interact with the N-terminal domain of
SKP2 (SKP2-N) and the region containing SKP2-N and LRR,
SKP2-(N�L), but could interact with the region of SKP2 with
LRR deletion (SKP2-DL) (Fig. 8B). On the other hand, the tests
comparing full-length SKP2 and ISG12a truncations showed
that SKP2 interacted with the DII and DII-C of ISG12a and
had no binding affinity with ISG12a DII-N (Fig. 8C). These
results suggested that the C-terminal domain of SKP2 and the
DII-C of ISG12a are the essential domains for SKP2-ISG12a
interaction.

Next, we assessed the details of interaction between SKP2 and
NS5A. After coexpression of full-length SKP2 and various do-
mains of NS5A in HEK293T cells, the IP analyses were performed,
and the data revealed that DI of NS5A did not interact with SKP2
(Fig. 8D, left), while other domains of NS5A were capable of bind-
ing to SKP2 (Fig. 8D). When the p3�FLAG-NS5A plasmid and
multiple constructs of SKP2 were cotransfected in HEK293T cells,
we found that both SKP2-N and SKP2-(N�L) were able to inter-
act with NS5A (Fig. 8E). These results demonstrated that SKP2-N
and NS5A DII to DIII are the pivotal domains for the interaction
between SKP2 and NS5A.

ISG12a relies on the E3 ligase domain of SKP2 to restrict viral
infection. Some essential regions within ISG12a and SKP2 are
identified in the above study, while the functions of these regions
on viral restriction remain to be elucidated. Ectopic expression of
full-length ISG12a induced abundant ubiquitination of NS5A by
SKP2 in HEK293T cells (Fig. 9A). Similarly, ISG12a DII or DII-C
also triggered robust ubiquitination of NS5A (Fig. 9A), whereas
the DII-N of ISG12a did not employ that function like DII-C (Fig.
9A), which is consistent with the result that ISG12a DII-C, not
DII-N, can interact with both SKP2 and NS5A (Fig. 4E and 8C).
The experiments testing the functions of SKP2 domains revealed
that only full-length SKP2 was able to promote remarkable ubiq-
uitination of viral protein (Fig. 9B). SKP2-N and SKP2-DL,

which lack the activity of E3 ligase, and SKP2-(N�L), which
does not have binding affinity to ISG12a, may be responsible
for their loss of function to induce NS5A ubiquitination (Fig.
8B and 9B). Moreover, SKP2-N, SKP2-(N�L), and SKP2-DL,
which are unable to augment ISG12a-mediated ubiquitination
of NS5A, also did not enhance the effect of ISG12a on the
degradation of viral protein (Fig. 9C) and the inhibitory action
of ISG12a on viral replication and virus production (Fig. 9D
and E). Compared to the full-length SKP2, SKP2-DL with the
ability to interact with ISG12a and NS5A still cannot amplify
the antiviral effect of ISG12a (Fig. 9C to E), indicating that the
E3 ligase activity within LRR of SKP2 is critical for ISG12a to
restrict viral infection.

DISCUSSION

The innate immune response provides the first line of defense
against various kinds of viral invader. IFNs induced by viral infec-
tion play an essential role in the restriction of virus propagation in
host cells. Over 300 ISGs can be upregulated by IFNs and function
as innate immune effectors to participate in antiviral processes, as
well as acting as proviral factors for some ISGs (10). Although
numerous antiviral ISGs have been identified by using different
technical approaches (11–14), the functions and molecular mech-
anisms of the majority of ISGs in suppressing viral infection are
poorly understood. To characterize further the working principles
of IFN systems, we focus on elucidating the antiviral mechanisms
of ISG. Our previous study revealed that HCV and NDV infection
induces robustly the expression of ISG12a, which causes Noxa-
dependent apoptosis of virus-infected cells (22, 24). The present
study demonstrated the nonapoptotic antiviral activity of ISG12a.
ISG12a targets viral NS5A protein for degradation through the
proteasome-dependent pathway in HCV-infected cells (Fig. 10).
The suppression of the expression of other viral proteins may be
triggered by the inhibition of HCV replication that relies on the
participation of NS5A.

The HCV NS5A protein bears pleiotropic functions, including
roles in viral replication and production, and interplays with mul-
tiple cellular pathways (4–7, 30). Therefore, NS5A protein has
been selected as a promising target for the development of anti-
HCV inhibitors (30, 31). With this essential viral protein targeted

FIG 7 Ubiquitination of NS5A by SKP2 is dependent on ISG12a. (A and B) IP analysis of endogenous SKP2 and exogenous NS5A from HLCZ01 cells with
ISG12a overexpression (A) or silencing (B). (C) Ubiquitination assay and Western blotting of lysates from FL-neo cells expressing SKP2 and HA-ubiquitin
(HA-ub) with ISG12a overexpression or silencing for 48 h. MG132 (25 �M) was added to cells for 6 h prior to harvesting of cell lysates, and IP experiments
were conducted with anti-NS5A antibody followed by the ubiquitination assay of NS5A protein. V5, Flag, and HA were the tags used.
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by ISG12a, we provide a critical clue to explore the inhibitory
mechanisms of innate immunity to viral infection. NS5A domains
I and II are the major functional domains required for HCV rep-
lication, while the production of viral infectious particles is mainly
dependent on the actions of NS5A domain III (6, 7). Moreover,
viral propagation also necessitates the interaction between NS5A
and numerous host proteins, such as cyclophilin A, apolipopro-
tein E, and phosphatidylinositol 4-kinase (32–34). The present
study indicated that ISG12a binds to domain III of NS5A, which
suggests ISG12a may harbor the additional functions to interrupt
the interactions between NS5A and some pivotal factors of the
virus or host through the degradation-independent approach.
Considering NS5A functions in attenuating the activation of host
antiviral pathways (such as the protein kinase R [PKR] cascade)
(35), ISG12a-mediated degradation of NS5A protein is likely to
improve the situation of viral evasion, contributing to effective
immune responses.

SKP2 was discovered in 1995 as a protein associated with the
S-phase kinase CDK2/cyclin A (36). Currently, SKP2 is known as
an E3 ligase and is capable of inducing ubiquitination and subse-
quently proteasome-dependent degradation of target proteins

(37). As many protein substrates of SKP2 involved in the processes
of cancer development are identified, SKP2 is believed to play an
important role in the pathogenesis of various cancers (37). How-
ever, the potential functions of SKP2 link to cellular antiviral pro-
cesses are not reported yet. Our study demonstrated that SKP2 is a
pivotal E3 ligase participating in the ubiquitination and degrada-
tion of viral protein, which is dependent on the modulation of
ISG12a. In addition, the LRR domain of SKP2 is indispensable for
this degradation process, indicating that the antiviral function of
ISG12a necessitates the activity of E3 ligase of SKP2. Hence, the
present study provides the first evidence for the antiviral action of
SKP2. Interestingly, SKP2 functions in phosphorylation-depen-
dent ubiquitination to specifically degrade the phosphorylated
protein (37). It is widely acknowledged that HCV NS5A protein is
a phosphorylated protein with abundant phosphorylation of mul-
tiple serine and threonine residues (38), which provides a poten-
tial molecular basis for understanding why SKP2 targets and ubiq-
uitinates NS5A.

In addition to HCV or NDV infection, several infections by
WNV, hepatitis E virus, influenza A virus, Japanese encephalitis
virus, and Sindbis virus are capable of upregulation of human

FIG 8 Characterization of the interactions between SKP2 and ISG12a/NS5A. (A) Schematic representation of the domains of SKP2. (B and C) IP analysis of the
interaction between SKP2 and ISG12a in HEK293T cells expressing exogenous ISG12a and multiple domains of SKP2 (B), or exogenous SKP2 and the different
domains of ISG12a (C) for 48 h. (D and E) IP analysis of the interaction between SKP2 and NS5A in HEK293T cells expressing exogenous SKP2 and multiple
domains of NS5A (D) or exogenous NS5A and the different domains of SKP2 (E) for 48 h. V5 and Flag were the tags used. SKP2-N, N-terminal of SKP2.
SKP2-(N�L), SKP2 truncation containing SKP2-N and LRR. SKP2-DL, SKP2 with LRR deletion.
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ISG12a or murine Ifi27 (17, 27, 39–41), which suggests that
ISG12a/Ifi27 may play a vital role in antiviral innate immunity.
Actually, we and other groups have determined the antiviral ef-
fects of ISG12a/IFI27 on HCV, NDV, WNV, and mouse hepatitis

virus (MHV) infection in vitro or in vivo, though the underlying
mechanisms remain unknown (22, 24, 26, 27). In the present
study, we elucidate an intrinsic antiviral mechanism by which
ISG12a recruits SKP2 to interact with and subsequently degrade
the viral protein via a ubiquitination-dependent strategy. This
novel mechanism may apply to understanding the inhibitory
functions of ISG12a on the broad spectrum of various viral infec-
tions, including flavivirus (e.g., WNV), closed to HCV and other
RNA viruses because of common characteristics on ISG12a induc-
tion and similar properties of viral infection between HCV and
those viruses.

IFN-based therapies have been used to treat chronic hepa-
titis B and C viral infections for many years, and a better un-
derstanding of ISG functions will help identify some essential
points that influence the outcomes of therapy and may even
lead to the development of novel therapeutic approaches (42).
Actually, a minority of ISGs, including PRRs, IRFs, the OAS-
RNase L system, and the IFITM family members are relatively
well characterized in antiviral immunity (43, 44). However, the
working mechanisms of these known ISGs are entirely different
from that equipped by ISG12a with functions to mediate deg-
radation of viral protein. A novel adaptor role of ISG that trig-

FIG 9 ISG12a relies on the E3 ligase domain of SKP2 to restrict viral infection. (A) Ubiquitination assay and Western blotting of lysates from HEK293T cells
expressing exogenous SKP2, HA-ubiquitin (HA-ub), and ISG12a domains (full-length, DII, DII-N, or DII-C). (B) Ubiquitination assay and Western blotting of
lysates from HEK293T cells expressing exogenous ISG12a, HA-ub, and SKP2 domains [full-length, SKP2-N, SKP2-(N�L), or SKP2-DL]. (C) HLCZ01 cells were
infected by HCV (MOI, 0.1) for 24 h followed by the transfection of the indicated plasmids for 48 h. NS5A, ISG12a, and the domains of SKP2 were analyzed by
Western blotting. (D and E) Huh7.5 cells were infected by HCV (MOI, 0.1) for 24 h followed by the transfection of the indicated plasmids for 48 h. Intracellular
HCV RNA (D) and extracellular infectious virus particles (E) were detected by real-time PCR and FFU assay, respectively. Error bars represented SD from
triplicate experiments. *, P � 0.05; **, P � 0.01. V5, Flag, and HA were the tags used.

FIG 10 ISG12a restricts viral infection through the ubiquitination-dependent
degradation pathway. ISG12a targets NS5A for ubiquitination-dependent
proteasomal degradation in HCV-infected cells. SKP2 is involved in ISG12a-
induced ubiquitination and degradation of viral protein. ISG12a as a crucial
adaptor links SKP2 to NS5A for restriction of viral infection. Ub, ubiquitin.
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gers ubiquitination and degradation of viral protein is first
exploited in present study.

Another member of the IFI6/IFI27 family, IFI6 (also known
as G1P3), has been confirmed to have antiviral effects on sev-
eral viruses, including HCV and yellow fever virus, by our
group and others (10, 44, 45), while the underlying mechanism
for IFI6 to control viral infection is yet unclear. Strikingly,
human IFI6 protein shares 51% amino acid identity with hu-
man ISG12a protein and the homologous sequences are all in
the domain II of ISG12a. Our data demonstrated that domain
II of ISG12a is responsible for the function of ISG12a to inter-
act with and degrade viral protein, which suggests IFI6 may use
the same or similar mechanism for the suppression of viral
infection.

Overall, the present study provided a novel intrinsic antivi-
ral mechanism of host that ISG12a serves as an adaptor to
recruit E3 ligase for targeting and degradation of viral protein
via ubiquitination-dependent strategy. The maps of interac-
tions between each two proteins of them revealed the pivotal
domains of ISG12a and SKP2 for association with and degra-
dation of viral protein. Particularly, the C-terminal of ISG12a
domain II is essential and sufficient for its antiviral function.
The LRR domain of SKP2 containing the region with E3 ligase
activity is dispensable for the interactions between SKP2 and
ISG12a or viral protein, while this key domain is indispensable
for ISG12a-mediated restriction of HCV infection. Further in-
vestigations to explore the antiviral mechanisms of ISG12a to
control other viral infection—probably according to the adap-
tor role of ISG12a in this study—are warranted to make full
understanding of the antiviral functions of ISG12a in host in-
nate immunity.
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