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USP18 and USP20 restrict oHSV-1 replication
in resistant human oral squamous carcinoma cell
line SCC9 and affect the viability of SCC9 cells
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In this study, we discovered that two human oral squamous car-
cinoma cell (OSCC) lines, SCC9 and SCC25, exhibited varied
levels of permissivity to oncolytic HSV-1 T1012G replication
and the differential virus yields may associate with the consti-
tutive accumulation of two deubiquitinating enzymes USP18
and USP20 in tumor cells. USP18 and USP20 belong to the
ubiquitin-specific protease family, mediating the deubiquitina-
tion of targets and promoting antiviral responses. Depletion of
USP18 or USP20 in SCC9 cells increased T1012G virus yields;
overexpression of USP18 or USP20 in SCC25 cells down-regu-
lated T1012G virus replication. In addition, STING as a veri-
fied substrate of USP18 and USP20, was found to affect the
virus multiplication of T1012G in SCC9 cells. STING knock-
down led to an increase in T1012G virus yields in SCC9 cells.
Besides, we introduced a deubiquitinating enzyme inhibitor
GSK2643943A targeting USP20 and evaluated its effects on
viral replication and tumor killing in vitro and in vivo. The re-
sults showed that the combination of GSK2643934A and
T1012G treatment brought a profound anti-tumor efficacy in
mice bearing SCC9 tumors. This report explored factors that
play roles in mediating oHSV-1 replication in OSCC tumor
cells, facilitating to offer potential targets to improve oHSV-1
oncolytic efficacy and develop candidates of biomarkers to pre-
dict the efficiency of oHSV-1 multiplication in tumors.
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INTRODUCTION
Oral squamous cell carcinoma (OSCC) is the most common oral can-
cer with a high incidence of metastasis in the head and neck.1,2

Although the advances in available treatments including surgery,
radiotherapy, and chemotherapy, they still present serious side effects
and unsatisfactory prognosis. Oncolytic virotherapy (OV) has been
widely investigated in clinical trials as a hot alternative to current
traditional therapies for various cancer treatments,3 including
OSCC. OV is known to utilize attenuated virus to selectively replicate
in and lyse tumor cells, stimulating a systemic immune response to
achieve anti-tumor efficacy. Deficient production of virus progeny di-
minishes the activation of immune responses and death of tumor
cells. Thus, efficient multiplication of oncolytic virus inoculum in
Molecular Th
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the tumor cells is crucial to implement the destruction of tumors.
However, increasing studies reported that many tumor cell lines ex-
hibited differential susceptibility to oncolytic virus infection4 and
the susceptibility correlates with the cellular antiviral response.5–8

Oncolytic virus, as an invader, could be recognized by host DNA/
RNA sensors and induces innate immune responses defending
external invasion.5,9 Hence, regulation of cellular antiviral response
is essential to sufficient virus multiplication in tumor cells.

Deubiquitinating enzymes (DUBs) are known to maintain the ubiq-
uitin system homeostasis by maintaining the balance between deubi-
quitination and ubiquitination of targets, which have demonstrated
their important roles in the innate antiviral immune response. For
example, USP3, USP21, and CYLD have been reported to negatively
regulate the activation of RIG-I and MDA5 by binding and cleaving
the poly-ubiquitin chains.10–12 USP20 removes ubiquitin chains
from stimulator of interferon genes (STING) after HSV-1 infection
to stabilize STING, promoting cellular antiviral responses.13

Since DUBs act as key mediators between the virus and its host, in this
study, we explored the potential functions of DUBs (USP18 and
USP20) in mediating the susceptibility of tumor cells to oncolytic her-
pes simplex virus 1 (oHSV-1) infection. Two OSCC cell lines, SCC9
and SCC25, which present varied levels of sensitivity to oHSV-1
infection, as we found in the preliminary study, were applied in this
report to investigate the roles that USP18/USP20 play in oHSV-1 pro-
ductive replication and even oncolytic activity, developing potential
combination strategy for anti-tumor treatment and candidates of bio-
markers that could predict the efficiency of oHSV-1 multiplication in
tumors.
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Figure 1. mRNA accumulation of indicated deubiquitinating enzymes in

human tongue squamous carcinoma cells SCC9 and SCC25

(A) Viral production of oHSV-1 T1012G in human tongue squamous carcinoma cells

SCC9 and SCC25. (B) Constitutive accumulation of selected DUB mRNA in SCC9

and SCC25 cells. (C) Accumulation of USP18 and USP20 mRNA in oHSV-1

T1012G-infected SCC9 and SCC25 cells. Error bar, mean ± SEM.
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RESULTS
Two human OSCC lines, SCC9 and SCC25, exhibited varied levels of
sensitivity to oHSV-1 T1012G infection. SCC9 and SCC25 were eval-
uated for their susceptibility to oHSV-1 T1012G infection. T1012G
has been described elsewhere in which the inverted repeats of HSV-
1 viral genome were replaced by sequences encoding the cytomegalo-
virus (CMV) promoter followed by three stop codons.14 T1012G is an
attenuated HSV-1 without foreign genes inserted, which was used as
the backbone to develop new generations of oHSV-1. We infected
these two cell lines with T1012G at a multiplicity of infection
(MOI) of 0.01, 0.1, and 1 infectious virus particle per cell. Cells
were harvested for the examination of virus titer at 24 or 48 h post-
infection. As shown in Figure 1A, SCC9 cells had less virus multipli-
cation than SCC25 cells, regardless of the dose of virus inoculum. This
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indicates that cell line SCC9 presents low permissivity to oHSV-1
T1012G infection. Thus, we defined SCC9 as an oHSV-1-resistant
cell line, and SCC25 as an oHSV-1-sensitive cell line, according to
the amount of T1012G virus yields. Subsequently, these two cell lines
were applied for more examination to explore the mechanism of how
tumors from the same origin possess varied sensitivities to oHSV-1
replication.

Constitutively higher mRNA accumulation of USP18 and USP20

in SCC9 cells

DUBs are a group of proteases that remove ubiquitin from target sub-
strates and play roles in regulating antiviral immune responses.15 In
order to explore the possible functions of DUBs that correlate with
limited virus yields in SCC9 cells, we examined the intrinsic mRNA
accumulation of some “signature” DUBs in SCC9 and SCC25 cells,
such as A20, CYLD, MYSM1, OTUD5, USP1, USP3, USP13, USP15,
USP18, USP20, and USP21, which have exhibited their association
with virus-induced immune response.10–12,15,16 We found that
USP18 and USP20 have remarkably high levels of mRNA accumula-
tion in SCC9 cells among these DUBs when compared with those in
SCC25 cells (Figure 1B). Besides, upon exposure to oHSV-1 T1012G
infection, although USP18 and USP20 mRNA accumulation was
dynamically changed for responding to foreign invasion, the overall
levels of USP18 and USP20 mRNA in SCC9 cells were apparently
higher than those in SCC25 cells (Figure 1C). Therefore, we hypoth-
esized that abundant USP18 and USP20 accumulation limits the abil-
ity of oHSV-1 T1012G replicating in SCC9 cells.

Depletion of USP18 or USP20 enhanced oHSV-1 T1012G lytic

replication in SCC9 cells

To verify the above hypothesis, we investigated the effects of USP18
and USP20 genetic depletion on T1012G virus yields in SCC9 cells.
Small interfering RNA (siRNA)-mediated knockdown of USP18
and USP20 was performed in SCC9 cells (Figure 2A). USP18-
and USP20-depleted SCC9 cells subsequently were exposed to
0.01 and 0.1 MOI T1012G virus infection. Virus progeny were har-
vested and virus titers were examined using the plaque assay. As
shown in Figure 2B, USP18 and USP20 knockdown visibly
increased virus yields of T1012G in SCC9 cells when compared
with mock depletion. Besides, western blotting was performed to
confirm USP18/USP20 knockdown and analyze the expression of
viral proteins in USP18- or USP20-depleted SCC9 cells upon 5
MOI T1012G infection. As shown in Figures 2C and 2E, specific
siRNA transfection brought efficient knockdown of USP18 and
USP20 protein expression, and depletion of USP18/USP20 led to
general increases of viral proteins in SCC9 cells. Besides, we exam-
ined the transcript levels of viral genes ICP8 and VP16 in SCC9
cells when USP18 or USP20 was depleted. As shown in Figures
2D and 2F, either USP18 knockdown or USP20 knockdown
increased viral mRNA accumulation in SCC9 cells. These results
showed USP18 or USP20 knockdown increased virus replication
in SCC9 cells, which is consistent with the hypothesis, suggesting
that USP18 and USP20 may act as a restricting factor to limit the
lytic replication of oHSV-1 T1012G in SCC9 cells.



Figure 2. Effects of USP18 and USP20 depletion on

viral lytic replication in SCC9 cells

(A) Examination of si-USP18 and si-USP20 knockdown

efficiency. Error bar, mean ± SEM. (B) Virus yields in

USP18 or USP20-depleted SCC9 cells. (C and E) Accu-

mulation of viral proteins in USP18 or USP20-depleted

SCC9 cells. b-actin serves as a loading control. In addi-

tion, the band density of viral protein by gray analysis.

Relative density was normalized to b-actin. (D and F)

mRNA accumulation levels of viral ICP8 and VP16 in

SCC9 cells.
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Overexpression of USP18 or USP20 down-regulated oHSV-1

T1012G lytic replication in SCC25 cells

The gain-of-function experiments were performed to investigate the
effects of USP18 and USP20 on T1012G virus yields in SCC25 cells.
As shown in Figure 3A, plasmid transfection of P-USP18 and P-
USP20 led to significant increases of mRNA accumulation and pro-
tein expression in SCC25 cells when compared with empty plasmid
pEn-CMV-neo transfection. Plasmid-expressed USP18 and USP20
both led to 50% decreases in virus yields in SCC25 cells (Figure 3B).
Moreover, western blotting was performed to examine viral protein
ICP8 levels. Protein and mRNA levels of ICP8 were slightly decreased
in USP18-overexpressed and USP20-overexpressed SCC25 cells (Fig-
ures 3C and 3D). These results suggest that USP18 and USP20 affect
the permissivity of SCC9 and SCC25 cells to oHSV-1 T1012G
replication.
Molecular The
Identification of interactions among USP18,

USP20, and STING in SCC9 cells

STING is well known tomediate the innate anti-
viral signaling, and was identified as the sub-
strate of USP18 and USP20.5,17,18 Zhang et al.
have reported that USP18 recruits USP20 to de-
conjugate the ubiquitination of STING, which
promotes the production of type I interferons
after DNA virus infection.13,19 Here we assumed
that USP18 and USP20 boost antiviral responses
through stabilizing STING in SCC9 cells, which
leads to limited oHSV-1 T1012G virus yields. To
verify the assumption, we first examined the as-
sociation among USP18, USP20, and STING in
SCC9 cells. We performed co-immunoprecipi-
tation and immunoblot assays to identify if
USP18 and USP20 are STING-interacting pro-
teins in interferon (IFN)b-activated SCC9 cells.
We found that USP18 and USP20 both interact
with STING in SCC9 cells. IN addition, there ex-
isted a protein association between USP18 and
USP20 (Figure 4A), consistent with previously
described USP18-mediated recruitment of
USP20.19 Next, we explored the influences of
USP18 or USP20 depletion on STING protein
levels in SCC9 cells. Cycloheximide (CHX;
100 mg/mL) was used to block protein synthesis for better investi-
gating the degradation of STING in USP18- or USP20-depleted
SCC9 cells. As shown in Figure 4B, the knockdown of USP18 and
USP20 both led to a notable reduction of STING protein levels in
SCC9 cells. Collectively, these results showed that USP18 and
USP20 interact with STING and that a deficiency of either USP18
or USP20 affects the stability of STING in SCC9 cells.

Altered STING accumulation influenced oHSV-1 T1012G lytic

replication in SCC9 cells

Based upon the above-described results, we hypothesized that
STING function relates to oHSV-1 resistance in SCC9 cells and
(1) genetic depletion of STING in SCC9 cells could enhance levels
of oHSV-1 T1012G replication; and (2) overexpression of STING
in SCC25 cells could decrease oHSV-1 T1012G virus yields. To
rapy: Oncolytics Vol. 23 December 2021 479
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Figure 3. Effects of USP18 and USP20 overexpression on viral lytic replication in SCC25 cells

(A) Examination of USP18 and USP20 plasmid transfection efficiency. Error bar, mean ± SEM. (B) Virus yields in USP18 or USP20-overexpressed SCC25 cells. (C)

Accumulation of viral protein ICP8 in USP18 or USP20-depleted SCC5 cells. b-actin serves as a loading control. (D) Examination of viral mRNA levels in USP18- or USP20-

overexpressed SCC25 cells.
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prove this, we first performed an siRNA-mediated knockdown of
STING in SCC9 cells. mRNA levels of STING in SCC9 cells
were analyzed via RT-qPCR assay. Si-STING transfection led to
significant reduction in STING mRNA levels in SCC9 cells (Fig-
ure 4C). Upon 0.01 MOI and 0.1 MOI oHSV-1 T1012G infection,
STING depletion led to a visible increase in virus yields in SCC9
cells (Figure 4D). We also examined the effect of STING overex-
pression on oHSV-1 T1012G virus titers in SCC25 cells. As shown
in Figure 4E, STING plasmid transfection remarkably increased
STING mRNA accumulation in SCC25 cells when compared
with empty plasmid pcDNA3.1 transfection. And plasmid-ex-
pressed STING resulted in almost 50% loss of virus yields in
SCC25 cells (Figure 4F).

Taken together, these results showed that altered STING accumu-
lation affects oHSV-1 T1012G virus production in SCC9 and
SCC25 cells, suggesting that STING as a substrate of USP18 and
USP20, suppressing the ability of oHSV-1 to replicate in SCC9
cells.
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USP20 inhibitor GSK2643943A influences oHSV-1 T1012G

productive infection in SCC9 cells

Our above results demonstrated that (1) USP18 and USP20 correlate
with limited oHSV-1 T1012G virus yields in SCC9 cells; (2) USP18
and USP20 interact with STING and alter the levels of STING pro-
teins in SCC9 cells; and (3) altered STING accumulation regulates
viral replication in SCC9 and SCC25 cells, while we need to further
examine whether the DUB activity of USP18 or USP20 is crucial for
the regulation of STING stabilization and oHSV-1 T1012G virus
replication. We introduced GSK2643943A (GSK), which is a DUB
inhibitor targeting USP20 to evaluate the influences of the DUB ac-
tivity on viral replication in SCC9 cells. First, we examined the inhib-
itory efficiency of GSK on deubiquitination in SCC9 cells through
the detection of Ub and STING protein levels using co-immunopre-
cipitation (Co-IP) assay. As shown in Figure 5A, GSK treatment re-
sulted in increased protein accumulation of Ub and slightly
decreased STING protein in SCC9 cells when compared with the
DMSO mock-treated group. These indicate that GSK blocked the
USP20-mediated cleavage of protein-ubiquitin bonds. Then, we



Figure 4. STING interacts with USP18 and USP20 in

SCC9 cells and affects oHSV-1 T1012G virus yields

(A) Verification of protein interactions among USP18,

USP20, and STING in SCC9 cells via Co-IP assay. (B)

USP18/USP20 depletion affects STING protein levels in

SCC9 cells. (C) Examination of si-STING knockdown ef-

ficiency in SCC9 cells. (D) Virus yields in STING-depleted

SCC9 cells. (E) Examination of STING plasmid trans-

fection efficiency. (F) Virus yields in STING-overexpressed

SCC25 cells.
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investigated the effects of GSK treatment on T1012G virus titer in
SCC9 cells. As shown in Figure 5B, GSK (1 mM) treatment led to
a notable increase of virus yields in SCC9 with 0.01 MOI and 0.1
MOI T1012G infection. Besides, viral protein expression and
mRNA levels were examined. The expression of viral proteins at
various phases was generally up-regulated (Figure 5C) and the accu-
mulation of viral ICP8 and VP16 mRNA was significantly increased
(Figure 5D) by GSK treatment in SCC9 cells. All these results suggest
that the DUB activity is indispensable for limited virus multiplica-
tion in SCC9 cells and USP18/USP20 regulates the ubiquitination
levels of STING to affect the accumulation of STING protein and
the production of antiviral signaling. USP18-USP20 mediated the
Molecular The
accumulation of STING that regulates oHSV-
1 T1012G viral lytic replication in SCC9 cells.

As we have shown above that GSK treatment
enhanced oHSV-1 T1012G replication in
SCC9 cells, here we further investigated whether
GSK treatment could promote virus-induced
loss of SCC9 viability. Cell viability of SCC9 cells
was determined by CCK-8 assay kit under
T1012G infection at a different dose and GSK
treatment with different concentrations: 5 mM
GSK treatment displayed a significant drop in
viability (R50%) with 0.01 MOI T1012G infec-
tion, and 1 mMGSK treatment together with 0.1
MOI T1012G infection caused 50% loss of SCC9
viability (Figure 5E). Upon exposure to 1 MOI
T1012G infection, GSK treatment brought a
remarkable reduction in the viability of SCC9
(Figure 5F). These results suggest that GSK
treatment renders SCC9 cells more susceptible
to oHSV-1 induced oncolysis.

The evaluation of the anti-tumor effects of

GSK and oHSV-1 T1012G combined

treatment in SCC9 tumors

We demonstrated the influences of GSK and
oHSV-1 T1012G combined treatment on
SCC9 cell-killing in vitro, next we investigated
the effects of GSK-T1012G combined treat-
ment on tumor suppression in vivo. Nude
BALB/c mice were injected with SCC9 cells to induce tumor
growth. Once the tumor volume reached 70 to 120 mm3, the
mice were randomized into four groups (n = 7, per group) for eval-
uating the anti-tumor efficacy of various treatments. The condition
of treatments is shown in Figure 6A. (1) Vehicle: intratumoral in-
jection with 50 mL of PBS; (2) GSK2643943A: intraperitoneal
administration with GSK2643943A (5 mg/kg) daily for 6 days; (3)
T1012G: intratumoral injection with 50 mL of 1 � 106 PFU
T1012G in PBS on day 1, day 4, and day 7; and (4) Combination:
intraperitoneal administration with GSK2643943A (5 mg/kg) daily
for 6 days, intratumoral injection with 50 mL of 1 � 106 PFU
T1012G in PBS on day 1, day 4, and day 7. Tumor sizes were
rapy: Oncolytics Vol. 23 December 2021 481
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Figure 5. USP20 inhibitor GSK2643943A influences oHSV-1 T1012G productive infection and viability in SCC9 cells

(B) Co-IP analysis of poly-ubiquitin, STING, and b-actin in SCC9 cells. (B) Virus yields in GSK-treated SCC9 cells under 0.01 MOI or 0.1 MOI T1012G infection. (C)

Accumulation of viral proteins in SCC9 cells infected with 5MOI T1012G for 0 to 20 h in the presence of GSK (1 mM). b-actin serves as a loading control. Relative density was

calculated by gray analysis and normalized to b-actin. (D) mRNA accumulation levels of viral ICP8 and VP16 in GSK-treated SCC9 cells. (E, F) Cell viability of SCC9 cells was

determined by CCK-8 assay kit under T1012G infection at a different dose and GSK treatment with different concentrations.
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measured by length and width every 2 days for 25 days. The average
tumor volume of SCC9 tumors under various treatments was calcu-
lated and compared as shown in Figure 6B. The reduction in tumor
volumes was the most significant in mice with combined treatment
of GSK and oHSV-1 T1012G. Although the solo treatment of GSK
482 Molecular Therapy: Oncolytics Vol. 23 December 2021
or T1012G caused a visible drop of tumor volumes when compared
with the PBS mock treatment, it is incontestable that GSK treatment
boosted the anti-tumor effects of oHSV-1 T1012G. All mice were
killed on day 25 after treatment, tumors were resected and weighed
as shown in Figure 6C. Viral mRNA levels were examined in SCC9



Figure 6. The cell viability and anti-tumor efficacy of

combined treatment of oHSV-1 T1012G and GSK in

SCC9 tumors

(A) Experimental design of the study in mice, as detailed in

the text. (B) The growth of SCC9 tumors in mice treated by

PBS, T1012G, GSK, or combination treatment. Tumor

volume was examined every other day for 25 days and

calculated by the formula: length�width2� 0.5. Data are

mean ± SEM, n = 7 in each group. ***p < 0.001. (C) Ex-

amination of tumorweight at day 25 after treatment. SCC9

tumors were excised and photographed on day 25 after

treatment. (D) Examination of viral mRNA levels in SCC9

tumors.
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tumors at 48 h post first T1012G administration via qPCR assay. As
shown in Figure 6D, GSK treatment in SCC9 tumors brought a
slight increase in viral ICP0 and gD mRNA accumulation. Consis-
tent with the above results, the combination of GSK and T1012G
treatment exhibited a profound anti-tumor effect. To sum up,
GSK treatment potentiated oHSV-1-induced oncolysis in SCC9
tumors.

The evaluation of the effects of USP18, USP20, andGSK in oHSV-

1 T1012G replication and oncolytic activity in SCC7 cells and

tumors

A parallel experiment was performed in a mouse OSCC (SCC7). As
shown in Figure 7A, we tested the knockdown efficiency of mouse
si-USP18 and si-USP20 in SCC7 cells. The virus yields of oHSV-1
T1012G, viral protein expression, and viral mRNA levels were exam-
ined in USP18- or USP20-depleted SCC7 cells. The data showed that
USP18 or USP20 knockdown led to notable increases of virus titer in
SCC7 cells (Figure 7B). Protein and mRNA levels of ICP8 and VP16
were up-regulated by USP18 or USP20 depletion in SCC7 cells (Fig-
ures 7C and 7D). Besides, the effect of GSK treatment on oHSV-1
T1012G multiplication in SCC7 cells was also investigated. As shown
in Figure 7E，GSK (1 mM) treatment led to a notable increase of virus
yields in SCC9 with 0.01 MOI infection.
Molecular The
Moreover, we demonstrated the influences of
GSK and oHSV-1 combined treatment on SCC7
tumor suppression in vivo. Different from the
SCC9 mouse model, the SCC7 mouse model is
immune-competent. The design of treatments
as follows: (1) Vehicle: intratumoral injection
with 50 mL of PBS; (2) GSK2643943A: intraperi-
toneal administration with GSK2643943A
(2.5 mg/kg) daily for 9 days; (3) T1012G: intratu-
moral injection with 50 mL of 1 � 107 PFU
T1012G in PBS on days 1, 4, 7, and 10; and (4)
Combination: intraperitoneal administration
with GSK2643943A (2.5 mg/kg) daily for
9 days, intratumoral injection with 50 mL of 1 �
107 PFU T1012G in PBS on days 1, 4, 7, and 10.
Tumor sizes were measured by length and width
every 2 to 3 days for 19 days. The average tumor
volume of SCC9 tumors under various treatments was calculated and
compared as shown in Figure 7F. The reduction in tumor volumes
was the most significant in mice with combined treatment of GSK
and oHSV-1 T1012G. Although the solo treatment of GSK or
T1012G caused a visible drop of tumor volumes when compared with
the PBSmock treatment, it is incontestable that GSK treatment boosted
the anti-tumor effects of oHSV-1 T1012G, which is consistent with the
observation in the SCC9 mouse study. Viral mRNA levels were exam-
ined in SCC7 tumors at 48 h post first T1012G administration via
qPCR assay. As shown in Figure 7G, GSK treatment in SCC7 tumors
brought a slight increase in viral ICP0 and gD mRNA accumulation.
These above all indicate the regulatory roles that USP18, USP20, and
GSK play in oHSV-1 T1012G replication and oncolysis in SCC7 cells.

DISCUSSION
Oncolytic virus strategies for anti-tumor therapy has attracted atten-
tion for decades and emerged as a hot alternative to radiotherapy and
chemotherapy for various cancer treatments. However, like other
therapeutic strategies, oncolytic virus has its own challenges, like anti-
viral immune responses. Upon the oncolytic virus infection, tumor
cells immediately initiate the innate antiviral response, which causes
a harsh environment for virus lytic replication, the virus production
might be repressed at a certain extent, correspondingly the inefficient
rapy: Oncolytics Vol. 23 December 2021 483
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Figure 7. Effects of USP18, USP20, and GSK on

oHSV-1 T1012G replication and oncolytic activity in

SCC7 cells and tumors

(A) Examination of mouse si-USP18 and si-USP20

knockdown efficiency. Error bar, mean ± SEM. (B) Virus

yields in USP18- or USP20-depleted SCC7 cells. (C)

Accumulation of viral proteins in USP18- or USP20-

depleted SCC7 cells. b-actin serves as a loading control.

(D) mRNA accumulation levels of viral ICP8 and VP16 in

SCC7 cells. (E) Virus yields in GSK-treated SCC7 cells

under 0.01MOI T1012G infection. (F) The growth of SCC7

tumors in mice treated by PBS, T1012G, GSK, or com-

bination treatment. (G) Examination of viral mRNA levels in

SCC7 tumors.
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tumor oncolysis as well. Therefore, increasing studies investigated the
interplay among the oncolytic virus, tumor cells, and innate immune
factors to explore the potential mechanisms or develop more poten-
tial targets for improving the oncolytic activity of virus.

DUBs are a group of proteases that counteract the activity of ubiquitin
ligase, removing ubiquitin from the target substrates and playing a
role in controlling immune responses.10,11,15 In this report, we evalu-
ated the levels of different DUBs mRNA accumulation in resistant
SCC9 and sensitive SCC25 cells to screen potential DUBs that corre-
late with limited virus reproduction in SCC9 cells. We found USP18
and USP20 were highly expressed in resistant SCC9 cells, and subse-
quently discovered that depletion of USP18 or USP20 in SCC9 cells
was verified to increase oHSV-1 T1012G virus yields, while overex-
484 Molecular Therapy: Oncolytics Vol. 23 December 2021
pression of USP18 or USP20 in SCC25 cells
reduced oHSV-1 T1012G virus titer. Given
these, we demonstrated that USP18 and
USP20 affect the permissivity of SCC9 and
SCC25 cells to oHSV-1 T1012G replication. In
addition, we performed parallel experiments in
mouse squamous cell carcinoma SCC7 cells
(Figure 7). siRNA-mediated depletion of
USP18 or USP20 in SCC7 cells moderately
increased oHSV-1 T1012G virus yields, viral
mRNA, and protein accumulation.

Subsequently, STING as a substrate of USP18
and USP20 attracted our attention to explore
its roles in SCC9 and SCC25 cells. First, we veri-
fied the interactions among USP18, USP20 and
STING in resistant SCC9 cells. And the levels of
STING proteins were reduced when USP18 or
USP20 was depleted. STING is a facilitator of
innate immune signaling that acts as a sensor
of viral DNA and promotes the production of
IFNs.17,18,20 A recent study has reported
STING’s roles in oHSV resistance that STING
could restrict oHSV replication and spread in
resistant malignant peripheral nerve sheath tu-
mors (MPNSTs).8 Similarly, in this study we
demonstrated that depletion of STING enhanced oHSV-1 virus repli-
cation in resistant oral squamous carcinoma cell line SCC9, overex-
pression of STING reduced oHSV-1 T1012G virus titer in SCC25
cells. All the above results indicate that USP18-USP20 mediated the
accumulation of STING function with limited oHSV-1 T1012G virus
yields in SCC9 cells.

Besides, we employed the DUB inhibitor targeting USP20
GSK2643943A (GSK) to evaluate the effects of DUB activity on viral
oncolysis of SCC9 tumors in vitro and in vivo. GSK treatment was
shown to bring a remarkable reduction in the viability of SCC9
upon oHSV-1 infection. The combination of GSK and oHSV-1
T1012G treatment led to a significant decrease of SCC9 tumor vol-
umes in mice, similar results were observed in immune-competent
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mice bearing SCC7 tumors. These generate a possibility to develop
USP20 inhibitor as a co-effector of OV in anti-tumor treatment. It
is worth noting that USP20 was reported to positively regulate tumor-
igenesis and chemoresistance through b-catenin deubiquitination
and stabilization.21 These all broaden our understanding of USP20
as the potential target for anti-tumor strategies and as the potential
marker for predicting oHSV-1 resistance and chemoresistance in
cancer.

Although we observed the depletion of USP18 likewise decreased the
levels of STING protein and improved virus reproduction in resistant
SCC9 cells, the further investigation of its effects on tumor oncolysis
in tumors was impeded due to the unavailable commercial inhibitor
targeting USP18. Similarly, USP18 was also reported to have roles in
promoting cancer growth. USP18 was found to promote breast cancer
development by upregulating epidermal growth factor receptor
(EGFR) and subsequently activating the AKT/Skp2 feedback loop
pathway.16 USP18 depletion improves EGFR expression and the
tumorigenic activity of cancer cells via elevating miR-7 levels.22 As
described above, USP18 could be a promising target for anti-tumor
treatment. But the questions concerning the promising application
of USP18 in anti-tumor therapy remain to be addressed by more
investigation in the future.

Meanwhile, USP18 and USP20 demonstrated their potential associa-
tion with OSCC tumor sensitivity to oHSV-1 replication. Identifying
the functions of USP18 and USP20 in a wider panel of tumors and
verifying their potentials as biomarker candidates to predict the effi-
ciency and efficacy of oHSV-1 treatment for anti-tumor application
would be another subject to be launched in the future.

MATERIALS AND METHODS
Cells, viruses, and reagents

OSCC lines SCC9 and SCC25 were obtained from the BeNa Culture
Collection (BNCC, China), SCC7 was gifted from Prof. Bernard Roiz-
man at the University of Chicago. All these cells were cultured in
DMEM (Thermo Scientific, USA) supplemented with 10% fetal
bovine serum (FBS; Thermo Scientific, USA). Vero (CCL-81) cells
were purchased from the American Type Culture Collection (USA)
and cultured in DMEM supplemented with 50% newborn calf serum
(NBCS; Thermo Scientific, USA). All cell lines were incubated at 37�C
in a humidified atmosphere of 5% CO2. Oncolytic HSV-1 recombi-
nant virus T1012G (oHSV-1 T1012G) was previously described.14

Immunoglobulin (Ig)G (S20043008) was obtained from the Shenzhen
Weiguang Biological Co., Ltd, China. Cycloheximide (HY-12320)
and GSK2643943A (HY-111458) were purchased from MedChem
Express (MCE, USA).

Virus inoculation and virus titration

SCC9, SCC25, or SCC7 cells seeded in six-well plates were exposed
to 0.01 MOI, 0.1 MOI, or 1 MOI - T1012G in serum-free medium
for 2 h or 1 h, respectively. The medium was aspirated and replaced
with fresh medium supplemented with 10% FBS. For virus titration,
virus-containing cells were harvested and lysed with three freeze-
and-thaw cycles. The virus titer was measured using the conven-
tional plaque assay. Vero (CCL-81) cells seeded on T25 flask were
infected with serial 10-fold-diluted virus suspensions in a duplicate
manner and incubated at 37�C, 5% CO2 for 2 h. Subsequently, cells
were washed twice with PBS and incubated with fresh medium with
1% NBCS and 1% IgG for an additional 3 days until visible plaque
was detected. Cells were stained with crystal violet and the plaques
were counted to calculate the virus yields.

RNA isolation, reverse-transcription, and real-time quantitative

PCR

Cells were harvested for total RNA isolation using TRI Reagent solu-
tion (Thermo Scientific, USA) followed with DNase I (Takara, Japan)
treatment; 0.5 mg total RNA was reverse-transcribed to cDNA with
the aid of the Rever Era Ace qPCR RT Kit (TOYOBO, Japan) under
the manufacturer’s instructions. mRNA accumulation was analyzed
by quantitative PCR using SYBR Green Real-time PCR master mix
(TOYOBO, Japan) in Step on plus Real-time PCR system (Applied
Biosystems, USA) with indicated primers. USP18 primers (F: 50-GA
GCTTGGATTTCAGTCAGGTT-30; R: 50-CATTGAAGCAGAACC
ACTTTCC-30); USP20 primers (F: 50-GGCTGATGAAGGAGAGT
CTGAG-30; R: 50-GCCACACTCCAAGAAGAACTGA-30); other
used primers were described elsewhere.23 We used 18S as the normal-
ization control. Relative quantity of gene expression was determined
with the 2�DDCt method.

siRNA transfection

Genetic depletion was achieved using siRNA targeting humanUSP18,
USP20, or STING genes. All siRNAs were purchased from Gene-
Pharma (China) and listed with sequences as follows:

Human si-USP18 (sense: 50-CUGCAUAUCUUCUGGUUUATT-30,
antisense: 50-UAAACCAGAAGAUAUGCAGTT-30);

Human si-USP20 (sense:50-GCAGCGUCAUCUCAGACAUTT-30,
antisense: 50-AUGUCUGAGAUGACGCUGCTT-30);

Human si-STING (sense 50-GCCCUUCACUUGGAUGCUUTT-30,
antisense: 50-AAGCAUCCAAGUGAAGGGCTT-30);

Mouse si-USP18 (sense: 50-CGUCCAGCCCAAAGAGUUATT-30,
antisense: 50-UAACUCUUUGGGCUGGACGTT-30);

Mouse si-USP20 (sense: 50-GGACCUAACCUAUGGGCUUTT-30,
antisense: 50-AAGCCCAUAGGUUAGGUCCTT-30).

The non-target siRNA (NT) (sense: 50-UUCUCCGAACGUGUCAC-
GUTT-30) was used as a negative control.

For siRNA transfection, cells (3�105 per well) seeded in six-well
plates were transfected with siRNA at a final concentration of 30
pmol. All siRNA transfection was carried out using RNAiMAX trans-
fectamine (Invitrogen, USA) according to the manufacturer’s
protocol.
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Plasmid transfection

Plasmids pEnCMV (Cat No. P13305), pEnCMV-USP20 (Cat No.
P22486), pEnCMV-USP18 (Cat No. P22489), pcDNA3.1 (Cat No.
P0160), and pcDNA3.1-STING (Cat No. P8966) were purchased
from MiaoLing Plasmid Sharing Platform, China. Cells seeded in
six-well plateswere transfectedwith 1mg plasmidsusingLipofectamine
3000 according to the manufacturer’s protocol (Invitrogen, USA).

Western blot analysis

Harvested cells were lysed with RIPA lysis buffer (Beyotime, China)
supplemented with 1 mM protease inhibitor PMSF (Beyotime,
China). Cells listed were heat-denatured and separated on SDS-con-
taining polyacrylamide gels, blotted on polyvinylidene fluoride mem-
branes (Millipore, USA) and probed with appropriated antibodies.
The protein bands were developed with a chemiluminescence reagent
(Bio-Rad, USA) and visualized with an ImageLab Scanner (Bio-Rad,
USA).

Antibodies against HSV-1 ICP0, ICP8, and VP16 used here are
described elsewhere. 24 Other antibodies used in this study included
anti-STING (Cat.19851–1-AP, Proteintech, USA), anti-USP20
(Cat.17491-1-AP, Proteintech, USA), anti-USP18 (Cat.4813. Cell
Signaling Technology, USA), anti-b-actin (60,008–1-Ig, Proteintech,
USA), and anti-Ub (sc-8017, Santa Cruz Biotechnology, USA).

Co-IP assay

Cell lysates were harvested and Co-IP experiments were performed
using the Dynabeads Antibody Coupling Kit following the manufac-
turer’s instructions (Cat. 14311D; Life Technologies, USA). Rabbit
IgG (Cat. 2729; Cell Signaling Technologies, USA) was used as the
negative control for excluding unspecific binding. Immunoprecipi-
tates were eluted by boiling with 1% (w/v) SDS sample buffers and
analyzed with western blot assay.

Cell viability assay

Cells (3,000 per well) seeded in 96-well plates at 37�C for overnight
incubation were treated with GSK2643943A, T1012G, and T1012G
plus GSK2643943A. The viability of the cells was determined by
CCK-8 Assays Kit (Cat.C0042, Beyotime) according to the manufac-
turer’s instructions, and the OD450 was detected using the BioTek
Epoch (BioTek Instruments, USA).

Animal test

The animal studies were done following guidelines and protocols
approved by the Institutional Animal Care and Use Committee of
the Shenzhen International Institute for Biomedical Research. For
the subcutaneous xenograft model, SCC9 or SCC7 cells (8�106 cells
or 1x106 cells) were inoculated subcutaneously into the right flanks of
5-week-old female BALB/c nude mice or C3H/HeN mice, respec-
tively. Once the tumor volume reached 70 to 120 mm3, the mice
were randomized into four groups (n = 6–7, per group) for indicated
treatments as described in the main text. Tumor sizes were measured
by length and width every 2 to 3 days and calculated based on the
following formula: length � width2 � 0.5.
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Statistical analysis

The mean and SEM were used for the description of data variability.
Statistical analyses were performed using two-tailed unpaired Stu-
dent’s t test for two independent group comparisons, while two-
way ANOVA was used for more than two group comparisons by
using SPSS software, and *p < 0.05, **p < 0.01, and ***p < 0.001
were considered statistically significant.
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