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Introduction

Summary

Type-I interferons (IFN-I) are used as common antiviral drugs for a range
of viral diseases in clinic. However, the antiviral efficacy of IFN-I is largely
restricted by negative regulators of IFN-I signaling in cells. Therefore,
identification of intracellular inhibitors of IFN-I signaling is important for
developing novel targets to improve IFN-I antiviral therapy. In this study,
we report that the deubiquitinase ubiquitin-specific protease 7 (USP7)
negatively regulates IFN-I-mediated antiviral activity. USP7 physically
interacts with suppressor of cytokine signaling 1 (SOCS1) and enhances
SOCSI1 protein stability by deubiquitination effects, which in turn restricts
IFN-I-induced activation of Janus kinase—signal transducer and activator
of transcription 1 signaling. Interestingly, viral infection up-regulates
USP7 and therefore facilitates viral immune evasion. Importantly, the
USP7 small-molecule inhibitors P5091 and P22077 inhibit SOCS1 expres-
sion and enhance IFN-I antiviral efficacy. Our findings identify a novel
regulator of IFN-I antiviral activity and reveal that USP7 inhibitors could
be potential enhancement agents for improving IFN-I antiviral therapy.

Keywords: antiviral activity; interferon; small-molecule inhibitor; suppres-
sor of cytokine signaling 1; ubiquitin-specific protease 7.

DUBs,'™ suggesting that DUBs could be potential thera-
peutic targets for human diseases. Some DUB inhibitors

Deubiquitinases (DUBs) have been widely studied and
demonstrated to be important regulators for various bio-
logical functions, including tumor progression, apoptosis,
cell cycle and anti-microbial immunity. Recently, many
human diseases have been linked to the dysfunction of

have entered clinical trials and proved to be potential
candidates for the therapy of human tumors and other
diseases.”

The ubiquitin-specific protease (USP) family is the lar-
gest human DUB family and comprises more than 30

Abbreviations: CHX, cycloheximide; DUBs, deubiquitinases; IFN-I, type-I interferon; ISGs, interferon-stimulated genes; ISRE, in-
terferon-stimulated response elements; SeV, Sendai virus; SOCS1, suppressor of cytokine signaling 1; USP7, ubiquitin-specific
protease 7; VSV, vesicular stomatitis virus; VSV-GFP, vesicular stomatitis virus with a green fluorescent protein gene
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members. Among these USPs, ubiquitin-specific protease
7 (USP7), also known as herpes virus-associated ubiqui-
tin-specific protease (or HAUSP), is a well-characterized
deubiquitinase that plays essential roles in various biolog-
ical functions, including tumor progression, DNA damage
response, apoptosis, epigenetic regulation.”® The roles of
USP7 in tumorigenesis and tumor aggressiveness have
attracted increasing attention. USP7 plays important roles
in regulating the P53-MDM2 complex.” Also, USP7 can
deubiquitinate =~ phosphatase and tensin  homolog
(PTEN) to promote its nuclear exclusion and to induce
tumor progression.'’ Based on these important findings,
specific anti-USP7 inhibitors have been developed for the
therapy of multiple human tumors.''™"?

Interestingly, it has been reported that during herpes
simplex virus (HSV) infection, USP7 can be recruited by
HSV infected cell polypeptide 0 to attenuate nuclear fac-
tor-kB- and c-Jun N-terminal kinase-mediated inflam-
matory response.'* Kaposi’s sarcoma herpesvirus recruits
USP7 to the viral latency-associated nuclear antigen 1 to
modulate viral latent replication.'> These studies suggest
that USP7 is involved in the regulation of virus infec-
tion. However, the detailed mechanisms by which USP7
regulates innate antiviral immunity remain to be illumi-
nated. In particular, whether and how USP7 regulates
interferon (IFN) -mediated antiviral defense remains
unknown.

Type-I interferon (IFN-I, or IFEN-o/f3), as a widely used
antiviral drug in clinics, plays important roles in regulat-
ing antiviral innate immunity. Upon binding of IFN-I to
its receptors (IFNAR1 and IFNAR?2), Janus kinase (JAK)
family (JAK1 and Tyk2) will be activated. Then, activated
JAK1 and Tyk2 result in tyrosine phosphorylation and
activation of the signal transducers and activators of tran-
scription STAT1 and STAT2. Activation of STAT1 largely
determines the magnitude of the IFN signaling and
antiviral activity. Subsequently, STAT1, STAT2 and inter-
feron regulatory factor 9 (IRF9) form a complex, namely
IFN-stimulated gene factor 3 (ISGF3), which translocates
into the nucleus to bind to the IFN-stimulated response
elements (ISRE) in the promoter of interferon-stimulated
genes (ISGs), and further induces transcription and
expression of hundreds of antiviral ISGs. Our previous
studies showed that the deubiquitinase USP2a positively
regulates IFN-I antiviral activity by maintaining the levels
of activated STAT1.'® In addition, we revealed that the
deubiquitinase Josephin Domain Containing 1 (JOSD1)
negatively regulates IFN-I antiviral activity by deubiquiti-
nating and stabilizing SOCS1 at the early stage of viral
infection.'” Interestingly, we noticed that SOCSI proteins
were gradually up-regulated at the late stage of viral
infection, whereas JOSD1 underwent down-regulation at
that stage, suggesting that SOCS1 protein levels could be
regulated by other mechanisms. This interesting regula-
tion needs to be further explored.
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In this study, we revealed that USP7 physically interacts
with SOCS1 and up-regulates the level of SOCSI protein.
Moreover, USP7 is responsible for SOCS1 protein up-reg-
ulation during long-term viral infection. Interestingly,
viral infection up-regulates USP7 protein levels for viral
immune evasion. Importantly, we further demonstrated
that two USP7 small-molecule inhibitors enhance IFN-I-
induced STAT1 activation, so promoting IFN-I signaling
and antiviral activity. Our findings could provide new
strategies for improving IFN-based antiviral therapeutic
efficacy.

Materials and methods

Cell culture and transfection

Human embryo kidney 293T cells, human fibrosarcoma
2fTGH cells, and human lung cancer A549 cells were cul-
tured at 37° in humidified air containing 5% CO,. All
culture media were supplemented with 10% fetal bovine
serum (FBS; Gibco Life Technologies, Waltham, MA),
100 mg/ml streptomycin and 100 units/ml penicillin.
Cells were transfected with either Polyfectine (PEL; War-
rington, PA) or LongTrans (Ucallm, Wu Xi, China)
according to the manufacturers’ instructions.

Reagents and expression constructs

USP7 inhibitors (P5091 and P22077), Trypan Blue and
PDTC ammonium (PDTC) were purchased from Selleck
Chemicals (Houston, TX). Recombinant human IFN-u«
was purchased from PBL Interferon Source (Piscat-
away, NJ, USA). Cycloheximide, and other chemicals
were purchased from Sigma (St Louis, MO). Flag-USP7
was a gift from Dr. J. Wade Harper (Harvard Medical
School, Addgene Plasmids). HA-Ub, Myc-SOCS1, ISRE-
Luc and Renilla plasmids were gifts from Dr. Serge Y.
Fuchs (University of Pennsylvania). The Flag-USP7-
C223S mutant was generated by a QuickChange site-di-
rected mutagenesis kit (Stratagene, La Jolla, CA). Knock-
down plasmids, including shUSP7 and shSOCSI, were
purchased from GeneChem (Shanghai, China). All the
plasmids were confirmed by DNA sequencing.

Immunoblotting and Western blot analysis

The detailed protocols for immunoblotting and Western
blot analysis were described previously.'® Briefly, cells
were harvested using lysis buffer containing 150 mm
NaCl, 20 mm Tris—-HCl (PH7-4), 1% Nonidet P-40,
0-5 mm ethylenediamine tetraacetic acid, phenylmethyl-
sulfonyl fluoride (50 pg/ml) and protease inhibitor mix-
tures (Sigma). Protein samples were resolved by sodium
dodecyl  sulfate—polyacrylamide gel electrophoresis.
Immunoreactive bands were visualized with SuperSignal

© 2019 John Wiley & Sons Ltd, Immunology, 159, 309-321



West Dura Extended kits (Thermo Scientific, Waltham,
MA). The following antibodies were used: antibodies
against USP7 (Santa Cruz Biotechnology, Dallas, TX; sc-
30164), SOCS1 (Millipore, Billierica, MA; 04-002), JOSD1
(Santa Cruz; sc-86154), Ubiquitin (Santa Cruz; sc-8017),
pY701-STAT1 (Cell Signaling, Danvers, MA; #9167), p-
TYK2 (Cell Signaling; #9321), p-JAK1 (Cell Signaling,
#3331s) Viperin (Abcam, Cambridge, UK; #107359), Myc
(Abmart; M20002), Flag (Sigma; F7425), HA (Abcam;
ab9110), STAT1 (Cell Signalling; #8826) and Tubulin
(Proteintech, Rosemont, IL; 66031-1-Ig).

Quantitative real-time polymerase chain reaction

Total RNAs were isolated from 293T cells using a TRIzol
reagent (Invitrogen, Carlsbad, CA). All cDNAs were syn-
thesized by reverse transcription using oligo-dT and sub-
jected to quantitative real-time polymerase chain reaction
(PCR) with corresponding primers in the presence of
SYBR Green Supermix (Bio-Rad, Hercules, CA). The pri-
mer sequences are as follows.

IFIT1 (5-CACAAGCCATTTTCTTTGCT-3’ and 5-AC
TTGGCTGCATATCGAAAG-3’); 1SG15 (5-GGGACCTG
ACGGTGAAGATG-3" and 5-CGCCGATCTTCTGGGTG
AT-3’); 1SG54 (5-CACCTCTGGACTGGCAATAGC-3’
and 5-GTCAGGATTCAGCCGAATGG-3’); VSV (5-AC
GGCGTACTTCCAGATGG-3" and 5-CTCGGTTCAAGA
TCCAGGT-3"); Sendai virus (5-GATGACGATGCCGCA
GCAGTAG-3 and 5-CCTCCGATGTCAGTTGGTTCAC
TC-3’); HINI1 (5-TTCTAACCGAGGTCGAAACG-3’ and
5-ACAAAGCGTCTACGCTGCAG-3"); USP7 (5-CCCT
CCGTGTTTTGTGCGA-3" and 5-AGACCATGACGTGG
AATCAGA-3’); f-actin (5-ACCAACTGGGACGACATGGA
GAAA-3” and 5-ATAGCACAGCCTGGATAGCAACG-3’).

Reporter gene assay

To detect IFN-I-induced transcriptional activity, cells
were transfected with the ISRE-Luciferase and Renilla,
together with either USP7 or shUSP7 constructs. Then,
36 hr after transfection, cells were treated with IFN-o
overnight and then collected. The Luciferase activities
were measured using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI; #E1910). The activities
were determined in three independent experiments and
were shown as the mean + standard deviation (SD).

Virus and viral infection

Vesicular stomatitis virus (VSV) was a gift from Dr. Chen
Wang (Shanghai Institutes for Biological Sciences, Chi-
nese Academy of Sciences). Vesicular stomatitis virus with
a green fluorescent protein gene (VSV-GFP) was a gift
from Dr. Chunsheng Dong (Soochow University). Influ-
enza A virus (HIN1, PR/8/34) was from Dr. Jianfeng Dai
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(Soochow University). The antiviral effect of IFN-o was
determined by pretreating cells overnight before infection
with viruses. Briefly, cells were transfected with either
Flag-USP7 or shUSP7. After 48 hr, cells were pretreated
with IFN-o (50 IU/ml) overnight. After washing twice,
cells were challenged with VSV or VSV-GFP at a multi-
plicity of infection of either 1.0 or 0-5 for 1.5 hr. Then
the infection medium was removed by washing twice.
Cells were fed with fresh medium and incubated for
20 hr. Cells were analyzed by either immunofluorescence
or reverse transcription PCR.

Stable cell lines of SOCSI-knockdown by shSOCSI in
HeLa

293T cells were transfected with shCON or shSOCSI plas-
mids, together with pMDL, VSVG and REV plasmids.
Thirty-six hours after transfection, the supernatant was
collected and used to infect HeLa cells. The infected cells
were cultured for 24 hr with polybrene (8 pg/ml). After
removing the culture medium, the cells were cultured in
10% FBS without polybrene for 24 hr. Then cells were
cultured in 10% FBS with puromycin (1.5 pg/ml) for
2 weeks of selection. The stable cell lines of SOCSI
knockdown were maintained in 10% FBS medium
with puromycin (1-5 pg/ml) until 2 days before further
experiments.

Cycloheximide chase assay

The half-life of Myc-SOCS1 was determined by cyclohex-
imide (CHX) chase assay. For analysis of Myc-SOCS1
levels, 293T cells were seeded in six-well cell culture plates
and were transfected with Myc-SOCS1 and shUSP7. Sixy
hours after transfection, cells were treated with dimethyl-
sulfoxide (DMSO) or CHX (50 pg/ml) for the indicated
time-points. Cells were then collected and subjected to
analysis by Western blotting.

Analysis of cell viability

Cell viability effects of P5091 and P22077 were evaluated
by the trypan blue exclusion assay. HEK293T cells were
treated with either P5091 or P22077 using different con-
centrations for 12 hr and cells were cultivated and col-
lected. Next, both living and dead cells were quantified in
a Neubauer chamber in the presence of Trypan blue
(0-4%). The CCsq (50% cytotoxicity concentration) values
were calculated.

Statistical analysis
Comparison between different groups was analyzed using

Student’s f-test. All statistical data in this study are
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presented as mean + SD. All differences were considered
statistically significant when P < 0-05.

Results

Viral infection promotes expression of USP7 that up-
regulates SOCS1 protein levels at the late stage of
viral infection

During our studies on regulation of IFN signaling pro-
teins, we noticed that SOCS1 protein underwent strong
up-regulation at the late stage of viral infection (Fig. 1a).
This up-regulation cannot be due to the increase in
JOSD1 protein that was reported to be a deubiquitinase
of SOCS1 in our previous studies, as JOSD1 protein levels
actually decreased to very low levels during that stage
(Fig. la). Similarly, exogenously expressed Myc-SOCS1
were also up-regulated by viral infection (Fig. 1b). Virus-
mediated up-regulation of both endogenous SOCSI and
exogenously expressed SOCS1 suggested that SOCSI
could be regulated at protein level. In line with the specu-
lation, viral infection significantly lowered ubiquitination
levels of SOCS1 protein (Fig. 1c). Hence, in this study we
sought to determine which member of DUBs could con-
tribute to SOCS1 protein up-regulation at the late stage
of viral infection. We noticed a deubiquitinase USP7 that
can also promote SOCS1 protein stability (Fig. 1d), when
we screened an expression library of DUBs. Importantly,
knockdown of USP7 largely abolished virus-mediated up-
regulation of SOCS1 at the late stage of viral infection
(Fig. 1e). To confirm the role of the deubiquitinase USP7
in SOCS1 up-regulation, we further used a USP7 inhibi-
tor, P5091, to inhibit the deubiquitinase activity of USP7.
The results showed that the USP7 inhibitor restricted
SOCS1 protein up-regulation induced by viral infection
(Fig. 1f). These findings suggest that USP7 largely

contributes to SOCS1 protein up-regulation at the late
stage of viral infection.

Consistent with SOCS1 protein up-regulation, we
observed that USP7 protein levels were gradually up-regu-
lated in cells infected with influenza A virus (HIN1, PR/
8/34) (Fig. 1g), Sendai virus (Fig. 1h) and VSV (Fig. 1i).
By reverse transcription quantitative PCR analysis, we
found that all these viruses can promote USP7 mRNA
expression (Fig 1j). Furthermore, we found that PDTC,
which is a nuclear factor-xB inhibitor, strongly inhibited
virus-induced up-regulation of USP7 mRNA transcrip-
tional expression (Fig. 1k), suggesting that USP7 mRNA
up-regulation during viral infection is through activation
of NF-«B.

Next, we found that knockdown of USP7 by two speci-
fic short hairpin RNAs obviously down-regulated Myc-
SOCS1 protein levels (Fig. 11). Conversely, USP7 overex-
pression up-regulated Myc-SOCS1 protein levels in a
dose-dependent manner (Fig. 1m). Moreover, we found
that USP7-mediated up-regulation of SOCSI protein was
dependent on the deubiquitinase activity of USP7, as the
deubiquitinase inactive USP7-C223S (CS) mutant lost the
ability to enhance SOCSI protein expression (Fig. 1n).
Taken together, these findings suggest that viral infection
up-regulates USP7, which results in increase of SOCS1
protein at the late stage of viral infection.

USP7 physically interacts with SOCS1 and enhances
SOCS]1 protein stability

To further address how USP7 up-regulates SOCS1, we
first tested whether USP7 interacts with SOCS1. Immuno-
precipitation analysis indicated a clear interaction
between Flag-USP7 and Myc-SOCS1 (Fig. 2a,b). Further-
more, we observed that endogenous USP7 can interact
with endogenous SOCS1 in cells (Fig. 2c,d). These

Figure 1. Viral infection promotes protein expression of USP7 that up-regulates SOCS1 protein levels at the late stage of viral infection. (a) Wes-
tern blot analysis of protein levels of SOCS1 and JOSD1 in A549 cells infected with HIN1 [multiplicity of infection (MOI) = 1-0] for the indi-
cated times. (b) Western blot analysis of exogenously expressed Myc-SOCS1 levels in HEK293T cells transfected with Myc-SOCS1 and then
infected with vesicular stomatitis virus (VSV) (MOI = 1.-0). (c) Immunoprecipitation analysis of polyubiquitination of SOCS1 in HEK293T cells
transfected with Myc-SOCSI and then infected with VSV (MOI = 1.-0). (d) Western blot analysis of Myc-SOCS!1 protein levels in HEK293T cells
transfected with Myc-SOCS1 and different DUBs, followed by treatment with or without cycloheximide (50 pm) for 12 hr. (e) Western blot anal-
ysis of Myc-SOCS1 protein levels in A549 cells co-transfected with Myc-SOCSI1, control shRNAs (shCON) or shRNAs against human USP7
(shUSP7) as indicated and then infected with HIN1 (MOI = 1-0). (f) Western blot analysis of Myc-SOCS1 protein levels in A549 cells transfected
with Myc-SOCS! and then treated with dimethylsulfoxide or P5091 (100 nm) for 12 hr, followed by infection with VSV (MOI = 1-0). (g) Wes-
tern blot analysis of USP7 protein levels in A549 cells infected with HIN1 (MOI = 1.-0) for the indicated times. (h,i) Western blot analysis of
USP7 protein levels in HEK293T cells infected with Sendai virus (SeV) (MOI = 1-0) (h) or VSV (MOI = 1.0) (i). The densities of protein bands
were quantified with ImaGe]. (j) Quantitative PCR analysis of USP7 mRNA levels in HEK293T cells infected with VSV (MOI = 1.0), SeV
(MOI = 1-0) or HIN1 (MOI = 1-0) for 24 hr. (k) Quantitative PCR analysis of USP7 mRNA levels in HEK293T cells pretreated with pyrrolidine
dithiocarbamate ammonium (PDTC) (nuclear factor-«B inhibitor, 10 um) for 1 hr and then infected with VSV (MOI = 1-0) for 24 hr. The data
were shown as fold change normalized to that in uninfected control cells. (I) Western blot analysis of Myc-SOCS1 protein levels in A549 cells co-
transfected with Myc-SOCS1, together with control shRNAs (—) or three shUSP7 as indicated. (m) Western blot analysis of Myc-SOCSI protein
levels in A549 cells co-transfected with Myc-SOCS1 and increasing amounts of Flag-USP7. (n) Western blot analysis of SOCSI1 protein levels in
A549 cells co-transfected with Flag-USP7 (WT or inactive C223S mutant) as indicated

312 © 2019 John Wiley & Sons Ltd, Immunology, 159, 309-321



findings suggest that USP7 physically interacts with
SOCS1. Given that USP7-mediated up-regulation of
SOCS1 protein levels is dependent on its deubiquitinase
activity (Fig. 11), we asked whether USP7 could regulate

USP7 inhibitors enhance IFN-I activity

SOCSI protein stability. To answer this question, a CHX
pulse-chase assay was performed. CHX is a protein syn-
thesis inhibitor and can be used for measurement of the
stability of cellular proteins. To this end, HEK293T cells
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Figure 2. USP7 interacts with and stabilizes SOCS1 protein. (a,b)
Immunoprecipitation analysis of the interaction between Flag-USP7
and Myc-SOCS1 in A549 cells co-transfected with Myc-SOCS1 and
Flag-USP7 using anti-Myc (a) or anti-Flag (b) antibodies for
immunoprecipitation. (c) Immunoprecipitation analysis of the inter-
action between endogenous USP7 and SOCSI1 in A549 cells using
either the isotype IgG (—) or anti-USP7 antibodies (USP7) for
immunoprecipitation. (d) Immunoprecipitation analysis of the inter-
action between endogenous USP7 and SOCSI1 in A549 cells using
either the isotype IgG (—) or anti-SOCSI1 antibodies (SOCS1) for
immunoprecipitation. (e) Western blot analysis of Myc-SOCS1 pro-
tein levels in HEK293T cells transfected with Myc-SOCSI, together
with shCON or shUSP7, followed by treatment with cycloheximide
(50 pum) as indicated. (f) Western blot analysis of Myc-SOCS1 pro-
tein levels in HEK293T cells transfected with Myc-SOCS1, together
with shCON (—) or shUSP7, followed by treatment with dimethyl-
sulfoxide or MG132 (10 pum) for 12 hr

transfected with Myc-SOCS1 and shUSP7 were treated
with DMSO or CHX (50 pg/ml) for 3 and 6 hr. Cells
were then collected and subjected to Western blot analy-
sis. This result showed that when endogenous USP7 was
knocked down, the degradation rate of Myc-SOCSI1 pro-
tein was markedly accelerated under conditions of CHX
treatment (Fig. 2e), indicating that SOCS1 protein stabil-
ity is regulated by cellular USP7. Based on these findings,
we next questioned whether the effect of USP7 on SOCS1
protein levels is mediated by the ubiquitin—proteasome
system. We found that the proteasome inhibitor MG132
was able to block the down-regulation of SOCS1 proteins
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induced by USP7 knockdown (Fig. 2f), suggesting that
USP7 could regulate SOCS!1 in a ubiquitin-proteasome-
dependent manner. Hence, we demonstrated that USP7
interacts with SOCS1 and enhances protein stability of
SOCSI.

USP7 removes polyubiquitination of SOCS1 protein

The above findings suggest that USP7 could regulate
ubiquitination levels of SOCS1 as a deubiquitinase. To
address this possibility, we analyzed SOCS1 protein ubiq-
uitination in cells. The result showed that overexpression
of USP7 significantly reduced polyubiquitination of Myc-
SOCS1 (Fig. 3a), which was dependent on the dosage of
USP7 (Fig. 3b). Furthermore, we determined the effect of
USP7 on endogenous SOCSI ubiquitination. Consistent
with USP7-mediated regulation of exogenously expressed
Myc-SOCSI, overexpression of USP7 dramatically inhib-
ited ubiquitination of endogenous SOCS1 (Fig. 3c), sug-
gesting that USP7 could deubiquitinate SOCS1 in cells.
Conversely, when endogenous USP7 in cells was knocked
down, ubiquitination levels of Myc-SOCS1 significantly
increased (Fig. 3d). Additionally, as compared with wild-
type USP7, the deubiquitinase inactive USP7-C223S (CS)
cannot deubiquitinate Myc-SOCS1 (Fig. 3e), confirming
the role of USP7 in regulating SOCSI ubiquitination as a
deubiquitinase. Hence, we concluded that USP7 deubiqui-
tinates SOCSI protein in cells.

USP7 regulates IFN-I-induced JAK-STAT1 activation
through SOCS1

SOCS1 is an important negative regulator of IFN-I signal-
ing. It has been demonstrated that the inhibitory effect of
SOCS1 on IFN signaling is through inhibition of tyrosine
phosphorylation of JAK family proteins,'® leading to inhi-
bition of STAT1 activation. Hence, we further analyzed
whether USP7 regulates JAK-STAT1 phosphorylation and
activation. We found that knockdown of USP7 by all
three shUSP7 constructs up-regulated IFN-o-induced
STAT1 phosphorylation at tyrosine 701 site, which is a
marker of STAT1 activation (Fig. 4a). Next, we observed
that USP7 knockdown enhanced IFN-u-induced STAT1
phosphorylation in a time-dependent manner (Fig. 4b).
Conversely, overexpression of USP7 obviously lowered
the levels of STAT1 phosphorylation under IEN-o treat-
ment in a time-dependent manner (Fig. 4c), as well as in
a dose-dependent manner (Fig. 4d). Moreover, USP7-me-
diated inhibition of STAT1 activation was dependent on
the deubiquitinase activity of USP7, because the USP7-
C223C inactive mutant lost the ability to restrict STAT1
phosphorylation (Fig. 4e). Furthermore, we determined
IFN-induced tyrosine phosphorylation and activation of
JAK family members, including JAK1 and Tyk2. We
found that overexpression of USP7 robustly inhibited

© 2019 John Wiley & Sons Ltd, /mmunology, 159, 309-321
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Figure 3. USP7 removes polyubiquitination of SOCS1 dependently on its deubiquitinase activity. (a) Immunoprecipitation analysis of polyubiq-
uitination of Myc-SOCSI1 in HEK293T cells co-transfected with Myc-SOCS1, HA-ub and Flag-USP7 as indicated. (b) Immunoprecipitation analy-
sis of polyubiquitination of Myc-SOCS1 in A549 cells co-transfected with Myc-SOCS1 and increasing amounts of Flag-USP7. (c)
Immunoprecipitation analysis of polyubiquitination of endogenous SOCS1 in HEK293T cells transfected with empty vectors (—) or Flag-USP7.
(d) Immunoprecipitation analysis of polyubiquitination of SOCS1 in HEK293T cells co-transfected with Myc-SOCS1, HA-ub and shUSP7 as
indicated. (e) Immunoprecipitation analysis of polyubiquitination of SOCS1 in HEK293T cells co-transfected with Myc-SOCS1 and Flag-USP7

(WT or inactive C223S mutant) as indicated

tyrosine phosphorylation of both Tyk2 and JAKI1
(Fig. 4f). To further address the importance of SOCS1 in
USP7-mediated regulation of IFN-induced JAK-STATI1
signaling, two short hairpin RNAs against human SOCS1
were used to establish stable cell lines with SOCS1 knock-
down (Fig. 4g). We found that USP7-mediated inhibition
of STAT1 activation in IEN signaling was largely abol-
ished in stable cells with SOCS1 knockdown (Fig. 4h).
Collectively, these findings demonstrated that USP7 can
regulate IFN-I-induced JAK-STAT1 signaling through
SOCSI1.

USP7 regulates the strength of IFN-I signaling

JAK-STAT]I activation largely determines the strength of
IFN antiviral signaling, so we further analyzed the effect
of USP7 on the IFN-I signaling pathway. ISRE is com-
monly used to effectively evaluate the promoter activities
of ISGs. We found that knockdown of USP7 by all three
shUSP7 constructs obviously enhanced IFN-I-induced
ISRE activity (Fig. 5a). Conversely, overexpression of
USP7 significantly inhibited ISRE activity in IFN-I signal-
ing (Fig. 5b). Next, we analyzed the effect of USP7

© 2019 John Wiley & Sons Ltd, Immunology, 159, 309-321

deubiquitinase activity on ISRE promoter activity. The
result showed that USP7-WT, but not USP7-CS, inhibited
IFN-a-induced ISRE activity (Fig. 5¢). These findings sug-
gest that USP7 restricts the promoter activity of ISGs in
IEN-I signaling in a deubiquitinase activity-dependent
manner. To further assess the strength of IFN signaling,
we next analyzed IFN-I-induced transcriptional expres-
sion of ISGs. We found that USP7 knockdown remark-
ably up-regulated mRNA levels of several representative
ISGs, including IFIT1, ISG15 and ISG54, induced by IFN-
o (Fig. 5d). Overexpression of USP7 significantly inhib-
ited IFN-I-induced transcriptional expression of these
representative ISGs (Fig. 5e). Moreover, the deubiquiti-
nase inactive USP7-CS lost the ability to inhibit ISG
expression (Fig. 5e). Together, these findings demon-
strated that USP7 is a negative regulator of IFN-I signal-
ing pathway.

USP7 regulates IFN-I-mediated antiviral activity

To explore the role of USP7 in IFN-I antiviral function,
we used VSV and HINI, which have been widely used

as sensitive viral models, to assess IFN-I antiviral
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Figure 4. USP7 regulates interferon type I (IFN-I) -induced Janus kinase—signal transducer and activator of transcription (JAK-STAT1) activation
through SOCS1. (a) Western blot analysis of STAT1 phosphorylation on tyrosine 701 (p-STAT1) in HEK293T cells transfected with control
shRNA (—) or three shUSP7 and then treated with IFN-o (1000 IU/ml) for 30 min. (b) Western blot analysis of p-STATI in HEK293T cells
transfected with shCON or shUSP7 and then treated with IFN-o (1000 IU/ml) as indicated. (c) Western blot analysis of p-STAT1 in HEK293T
cells transfected with empty vectors (CON) or Flag-USP7 and then treated with IFN-a (1000 IU/ml) as indicated. (d) Western blot analysis of p-
STAT1 in HEK293T cells transfected with Flag-USP7 and then treated with IFN-o (0, 1000, 3000 IU/ml) for 30 min. (e) Western blot analysis of
p-STAT1 in HEK293T cells transfected with empty vectors (—) or Flag-USP7 (WT or inactive C223S mutant) and then treated with IFN-o
(1000 IU/ml) as indicated. (f) Western blot analysis of phosphorylated Tyk2 on tyrosine 1054/1055 (p-Tyk2) and phosphorylated JAK1 on serine
1022/1023 (p-JAK1) in HEK293T cells transfected with Flag-USP7 and then treated with IFN-o (1000 IU/ml) as indicated. (g) Western blot anal-
ysis of endogenous SOCSI protein levels in stable SOCS1-knockdown HeLa cells (shSOCSI1: 1# and 2#) or stable control-shRNA HeLa cells
(shCON). (h) Western blot analysis of p-STAT1 levels in stable SOCS1-knockdown HeLa cells transfected with Flag-USP7 and then treated with

IFN-o (1000 TU/ml) for 30 min

activity.  Using immunofluorescence analysis, we
observed that IFN-o treatment efficiently inhibited infec-
tion by a VSV-GFP virus, which is a VSV virus with a
GFP gene (Fig. 6a), whereas knockdown of USP7 signifi-
cantly promoted IFN-I-mediated antiviral activity
(Fig. 6a). Consistent with the antiviral activity, knock-
down of USP7 markedly up-regulated ISG expression
during viral infection (Fig. 6b). Furthermore, we found
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that overexpression of USP7 remarkably restricted IFN-
o-mediated antiviral activity, as shown by increased
levels of VSV viral RNA (Fig. 6c). Consistently, when
HINT1 viruses were employed, we found that USP7 over-
expression promoted HINTI viral infection in a dose-de-
pendent manner (Fig. 6d). Importantly, the
deubiquitinase activity of USP7 was required for USP7-
mediated inhibition of cellular antiviral activity, as the

© 2019 John Wiley & Sons Ltd, Immunology, 159, 309-321



USP7 inhibitors enhance IFN-I activity

(a) (b) (c)

80 - :
5 8
——
s 60 - ; 4 . .
c = c
& 40 - §° € 4.
i 4 o is
0 = @
20 - @ 2 4
’
0 - 0 0 -
IFN-c, - + + + + IFN-o, - + - IFN-c,
Flag-USP7
shUSP7 - - 1% 2% 3% Flag-USP7 - - +
ISG54
(d) 1EIT1 . 200 - JSG15 80 -
250 + o———— .
200 150 - e ——
< S < 604
Z 150 o i
o € £
€ 100 A . o 100 A o 40 4
g 2 2
£ 8 5 k] ©
[ 50 o [9]
T 15 4 o 59 4 20 4
0-5 4
0.0 - 0 0 T ™
IFN-o, -+ -+ IFN-c, -+ -+ IFN-cz, -+ -+
ShCON  shUSP7 sh CON shUSP7 sh CON shUSP7
© AFILY, ISG15 000~ 19G54
250 100 1 M| S N.S
PEE—— * Kk K
g —
< 200 1 ¥ < 801 < 150 1
P =z P
o oc
E 150 T 601 E 100+
(9] (9]
2 100 1 2 401 =
= © % 50 4
£ 50 & 20 &
0 - 0 - 0
IFN-o, - + + + IFN-¢, - + + + IFN-¢, - + + +
Flag-USP7 - - WT cCS Flag-USP7 - - WT cCs Flag-USP7 - -  WT cCs

Figure 5. USP7 regulates the strength of interferon type I (IFN-I) signaling. (a) The ISRE-luciferase activity was measured in HEK293T cells
transfected with control shRNA (—) or three shUSP7, together with ISRE-luciferase and Renilla, and then treated with IFN-o (500 IU/ml) for
18 hr. (b) The ISRE-luciferase activity was measured in HEK293T cells transfected with Flag-USP7, together with ISRE-luciferase and Renilla,
and then treated with IFN-a (500 IU/ml) for 18 hr. (c) The ISRE-luciferase activity was measured in HEK293T cells transfected with Flag-USP7
(WT or inactive C223S mutant), together with ISRE-luciferase and Renilla, and then treated with IFN-o (200, 500 IU/ml) for 18 hr. (d) Quanti-
tative-PCR analysis of IFIT1, ISG15 and ISG54 mRNA levels in HEK293T cells transfected with shCON or shUSP7 and then treated with IFN-u
(1000 IU/ml) for 8 hr. (e) Quantitative-PCR analysis of IFIT1, ISG15 and ISG54 mRNA levels in HEK293T cells transfected with Flag-USP7
(WT or inactive C223S mutant) and then treated with IFN-o (1000 IU/ml) for 8 hr. NS, not significant, *P < 0-05, ***P < 0-001 (two-tailed
unpaired Student’s t-test). All data are shown as mean £ SD of three independent replicates

inactive USP7-CS cannot promote viral infection sought to develop possible strategies to enhance IFN-I

(Fig. 6e). Hence, we demonstrated that USP7 inhibits
IFN-I-mediated antiviral activity.

USP7 small-molecule inhibitors enhance IFN-I
signaling and antiviral efficacy

Given that the deubiquitinase activity of USP7 is neces-
sary for the inhibition of IFN-I antiviral activity, we

© 2019 John Wiley & Sons Ltd, Immunology, 159, 309-321

antiviral therapeutic efficacy. Recently, two potent inhibi-
tors of USP7 deubiquitinase activity, P5091 and P22077,
have been reported. We first observed the effects of these
two inhibitors on SOCSI ubiquitination and protein
levels. We found that both P5091 and P22077 signifi-
cantly up-regulated ubiquitination levels of Myc-SOCS1
(Fig. 7a). Consistently, two USP7 inhibitors markedly
down-regulated protein levels of endogenous SOCSI
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Figure 6. USP7 regulates interferon type I (IFN-I) -mediated antiviral activity. (a) Fluorescence microscopy of vesicular stomatitis virus (VSV)
with a green fluorescent protein gene (GFP) in HEK293T cells transfected with shCON or shUSP7 and then pretreated with or with IFN-u
(50 IU/ml) for 20 hr, followed by infection with VSV-GFP [multiplicity of infection (MOI) = 0-5] for 20 hr. Scale bars, 100 um. (b) Quantita-
tive PCR analysis of mRNA levels of a representative ISG (ISG15) in HEK293T cells transfected with shCON or shUSP7 and then infected with
VSV (MOI = 1-0) for 20 hr. (¢) Quantitative PCR analysis of VSV viral RNA in HEK293T cells transfected with empty vectors (CON) or Flag-
USP7 and then pretreated with or without IFN-o (50 IU/ml) for 20 hr, followed by infection with VSV (MOI = 1-0) for 20 hr. (d) Western blot
analysis of HINI-encoded HA protein levels in HEK293T cells transfected with increasing amounts of Flag-USP7 and then infected with HIN1
(MOI = 1-0) for 20 hr. (e) Fluorescence microscopy of VSV-GFP viruses in HEK293T cells transfected with Flag-USP7 (WT or inactive C223S
mutant) and then infected with VSV-GFP (MOI = 0-5) for 20 hr. Scale bars, 100 pm. ***P < 0-001 (two-tailed unpaired Student’s t-test). Data
are shown as mean £ SD of three independent replicates (b,c)

(Fig. 7b), which depended on proteasome-dependent
degradation because MG132 abolished Myc-SOCS1 pro-
tein down-regulation mediated by USP7 inhibitors
(Fig. 7c). Furthermore, we analyzed the effects of two
USP7 inhibitors on STAT1 activation in IFN-I signaling.

The results showed that both P22077 and P5091 pro-
moted IFN-I-induced activation of STATI1 (Fig. 7d).
Next, when cells were pretreated with either P5091 or
P22077, IFN-I-induced ISRE promoter activities were
obviously up-regulated by these two inhibitors (Fig. 7e).

Figure 7. USP7 Small-molecule inhibitors enhance interferon type I (IFN-I) signaling and antiviral efficacy. (a) Immunoprecipitation analysis of
polyubiquitination of SOCS1 in HEK293T cells co-transfected with Myc-SOCS1 and HA-ub and then treated with either P5091 (100 nM) or
P22077 (100 nm) for 12 hr. (b) Western blot analysis of endogenous SOCSI protein levels in A549 cells treated with P5091 (100 nm) or P22077
(100 nwm) for 12 hr. (c) Western blot analysis of Myc-SOCS1 protein levels in HEK293T cells transfected with Myc-SOCS1 and then pretreated
with MG132 (10 pm) for 12 hr, followed by treatment with P22077 (100 nm) for 12 hr. (d) Western blot analysis of p-STAT1 in HEK293T cells
pretreated with P22077 or P5091 (100 nm) for 12 hr and then treated with IFN-o (1000 IU/ml) as indicated. (e) The ISRE-luciferase activity was
measured in HEK293T cells co-transfected with ISRE-luciferase and Renilla and then treated with P5091 (100 nm) or P22077 (100 nm) for 12 hr,
followed by treatment with IFN-o (500 IU/ml) for 18 hr. (f) Quantitative PCR analysis of mRNA levels of IFIT1, ISG15 and I1SG54 in HEK293T
cells pretreated with dimethylsulfoxide or P22077 (100 nm) for 12 hr, and then treated with or without IFN-o (1000 IU/ml) for 6 hr. (g) Cell
viability was measured in HEK293T cells treated with either P5091 or P22077 using different concentrations as indicated. (h) Quantitative PCR
analysis of vesicular stomatitis virus (VSV) viral RNA in HEK293T cells pretreated with P5091 or P22077 (20 and 100 nm) for 12 hr and then
challenged with VSV [multiplicity of infection (MOI) = 1.0] for 24 hr. (i) Fluorescence microscopy of VSV-GFP viruses in HEK293T cells pre-
treated with DMSO, P5091 and P22077 (100 nMm) for 12 hr and then treatment with or without IFN-o (50 IU/ml) for 20 hr, followed by infec-
tion with VSV-GFP (MOI = 0-5) for 24 hr. Scale bars, 100 pm. *P < 0-05, **P < 0-01 and ***P < 0-001 (two-tailed unpaired Student’s t-test).
Data are shown as mean + SD. of three independent replicates (e,f;h)
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Consistently, USP7 inhibitors remarkably enhanced To further analyze the effects of USP7 inhibitors on
expression of ISGs, including IFIT1, ISG15 and ISG54, in IFN-I antiviral activity in cells, we first analyzed the cyto-
IFN-I signaling (Fig. 7f). These findings suggest that toxicity effect of these two inhibitors on HEK293T cells.
USP7 inhibitors promote activation of IFN-I signaling. The results showed that the 50% of cellular viability
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(CCsq) value of P5091 in HEK293T cells was 5-0 pum and
the CCsq value of P22077 was 10-9 pm (Fig. 7g). Next, we
pretreated cells with increasing amounts (20 nm and
100 nm) of either P5091 or P22077 and then infected
with VSV. We found that two USP7 inhibitors robustly
inhibited viral infection in a dose-dependent manner
(Fig. 7h). Moreover, IFN-I-mediated antiviral efficacy was
significantly enhanced by two USP7 inhibitors (Fig. 7i).
Taken all together, these findings clearly demonstrated
that two USP7 inhibitors, P5091 and P22077, up-regulate
SOCSI protein levels by deubiquitination effects, promote
activation of IFN-I signaling, and improve IFN-mediated
antiviral activity.

Discussion

Recent studies have demonstrated that USP7 is essential
for regulating diverse signaling pathways related to
human diseases. In particular, USP7 plays critical roles in
tumorigenesis and tumor aggressiveness. It has been
reported that USP7 can regulate the P53-MDM2 com-
plex” and also deubiquitinates PTEN to induce tumor
progression.'® However, whether or how USP7 plays roles
in host antiviral innate immunity remains largely unex-
plored. Here, we reported a novel biological function of
USP7, uncovering that USP7 is an important negative
regulator of IFN-I antiviral activity during viral infection.

We clearly demonstrated that USP7 physically interacts
with SOCS1 and enhances SOCSI protein stability by
deubiquitinating SOCSI. It is well known that SOCS1 is a
negative regulator of IFN-induced JAK-STAT signaling.
Consistently, we found that USP7 can inhibit JAK-STAT1
signaling activation and restrict IFN-I-induced ISG
expression. Importantly, USP7-mediated inhibition of
JAK-STAT]I signaling is dependent on SOCS1, suggesting
that USP7 affects the IFN signaling pathway through
SOCS1. We further demonstrated that USP7 significantly
inhibits IFN-I antiviral activity. Hence, our findings
revealed a negative regulatory mechanism of IFN-I antivi-
ral signaling mediated by the USP7-SOCS1 axis.

An interesting observation is that viral infection pro-
motes USP7 protein expression. Given that we have
demonstrated that USP7 is an important inhibitor of IFN-I
signaling, we believe that virus-induced up-regulation of
USP7 inhibits the host IFN-I response and promotes viral
infection. We also found that USP7 is responsible for
SOCSI1 protein up-regulation at the late stage of viral infec-
tion, which suggests that viruses use host deubiquitinase
USP7 to improve cellular SOCS1 protein levels for efficient
viral evasion. Hence, this finding suggests a novel viral eva-
sion mechanism exploited by viruses.

Interferon-I plays important roles in host defense
against viral infection through up-regulation of hundreds
of antiviral ISGs. Given that we demonstrated that USP7
is an important negative regulator of IFN-I signaling and

320

that the deubiquitinase activity of USP7 is required for
USP7-mediated inhibition of IFN-I signaling and antiviral
activity, we speculated that inhibition of USP7 could be a
potential strategy for enhancing IFN-I antiviral activity.
In line with our speculation, we found that two USP7
inhibitors, P5091 and P22077, up-regulated SOCS1 ubiq-
uitination, inhibited SOCSI1 protein expression, promoted
IFN-I signaling and enhanced IFN-I antiviral efficacy.
Hence, our findings revealed that USP7 inhibitors could
be effective enhancement agents for improving IFN-I
antiviral therapeutic efficacy.

In summary, we identified USP7 as an important nega-
tive regulator of the IFN-I signaling pathway and antiviral
activity, revealed the underlying mechanisms, and demon-
strated that USP7 inhibitors enhance IFN-I antiviral effi-
cacy. These findings uncovered a novel biological
function of USP7 and provided evidence for USP7 inhibi-
tors as potential enhancement agents for improving IFN-
based antiviral therapy.
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