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ARTICLE INFO ABSTRACT

Keywords: The relationship between ubiquitin specific protease 7 (USP7) and radio-sensitivity in laryngeal squamous cell
Laryngeal carcinoma (LSCC) has not been reported yet. Using gene chip and Label-Free mass spectrometry, we found that
Radiotherapy

USP7 was significantly increased both in radioresistant LSCC patients and LSCC cells receiving irradiation. Since
p53 is the most important downstream gene of USP7 and is frequently mutated in LSCC, we investigated the
effects of USP7 on radioresistance of LSCC cells with or without p53 mutation. We found that knockdown of
USP7 increased the radio-sensitivity in p53-mutated LSCC cells, while inhibiting the radio-sensitivity in p53-wild
type cells. Knockdown of USP7 significantly inhibited the expression of the p53 and p53 pathway. Over-
expressing endogenous p53 by CRISPR/dCas9 could reverse the effects of USP7 on radiosensitivity both in vitro
and in vivo. Our results demonstrated the irradiation-induced USP7 led to radioresistance in p53-mutated LSCC
cells but radio-sensitivity in p53-wild type cells. Therefore, the clinical application of USP7 inhibitors may
improve the effects of radiotherapy in LSCC with p53 mutations and reduce the side effects on surrounding
normal tissues without p53 mutation.

Head and neck cancer
Cancer genetic

Introduction

Laryngeal cancer is a high-incidence tumor of the head and neck, in
which laryngeal squamous cell carcinoma (LSCC) is the most common
pathological type [1]. Early LSCC can be treated with radical radio-
therapy or surgery, while for advanced LSCC, a comprehensive treat-
ment including radiation, surgery, and chemotherapy should be
adopted, as well as multidisciplinary management of toxicities and
follow-up strategies [2-4]. Therefore, improving the radiation effect is
quite important for the treatment of LSCC [5].

Though radiation technology has improved greatly in recent years,
the survival effect of LSCC is still not ideal due to the radioresistance.
The current study finds that 6-15% and 20-31% of stage I\II LACC
patients show radiation resistance. And the incidence of radioresistance
in the advanced stage LSCC is even higher [6,7]. For these patients, the
radiation dose may need to be increased along with the higher risk of
damaging important surrounding organs, therefore, more toxic effects
such as dysphagia [8].

The relationship between ubiquitin specific protease 7 (USP7) and
radiation sensitivity in LSCC has not been reported yet. In this study, we
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found that USP7 regulated the radio-sensitivity of LSCC via the ubiquitin
and degradation of p53. Our results showed that depending on the p53
mutation status, USP7 caused radioresistance of p53-mutated LSCC
cells, while it promoted radio-sensitivity of p53-wild type LSCC cells.
Since most LSCC samples harbor p53 mutations while normal tissues
don’t, agents inhibiting USP7 have the potential effects to improve the
radiation sensitivity of LSCC and reduce radiation damage of sur-
rounding normal tissues.

Methods

Specimens in clinic

The study was approved by the Ethics Committees of Eye and ENT
Hospital, Fudan University (2020057-1), and performed in accordance
with the principles of the Declaration of Helsinki. Informed consent from
each patient or participant has been obtained.

We selected ten tumor tissue specimens from patients with stage III
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Table 1
Differences in gene expression of patients with laryngeal squamous carcinoma that are sensitive to and resistant to radiation.
Gene name p value* RadiotherapySensitive group RadiotherapyResistance group multiple(Resistance/Sensitivity) up/down
TMEM107 0.0006 0.32 5.95 18.6 up
MYH2 0.0011 0.05 0.55 11.0 up
SMAP2 0.0067 0.08 0.73 9.13 up
BTG2 0.0043 0.51 4.59 9.07 up
JAK3 0.0095 0.09 0.74 8.22 up
USP7 0.0036 1.06 5.59 5.27 up

\IV of LSCC who received radiotherapy due to postoperative high-risk
factors through retrospective analysis. The follow-up gene chip for
high-throughput detection was performed by GMINIX Co (Shanghai,
China). Among them, 5 cases were in the radiotherapy-resistance group,
and the other 5 cases were in the radiotherapy-sensitive group. To
reduce the heterogeneity between the two groups, the two groups of
patients were matched one-to-one in terms of sex, age, tumor stage,
primary tumor location, etc. To rule out the influence of chemotherapy
on the judgment of the treatment effect, no patient included in this
research received chemotherapy in the treatment process.

Cell culture

LSCC cell lines TU-212 (p53_P151S mutation), SNU-585 (p53_R273L
mutation), SNU-899 (wild type p53), and SNU-1076 (wild type p53)
were obtained from the Shanghai Academy of Life Sciences (Shanghai,
China). Cells were cultured in RPMI 1640 medium containing 10% fetal
bovine serum (FBS), 100 units/ml penicillin, and 100 pg/ml strepto-
mycin antibiotics at 37 °C in an incubator of 5% CO2.

Cell transfection

To knockdown USP7, two different short hairpin RNAs (shRNAs)
targeting USP7 and corresponding negative control were cloned into
pLVX-IRES-Puro vectors by GeneChem Co., Ltd. (Shanghai, China). The
CRISPR/Cas9-SAM system was used to overexpress endogenous p53 and
constructed by GeneChem, too.

RNA extraction, RNA-Seq, and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)

All RNA from the four cell lines mentioned above was isolated using
TRIzol (Thermo Fischer Scientific) reagent. RNA-Sequencing (RNA-Seq)
of control and USP-knockdown TU-212 cells was performed by Oebio-
tech Co. (Shanghai, China). Gene expression was normalized to Frag-
ments Per Kilobase of exon model per Million mapped fragments
(FPKM) for subsequent analyses. Differentially expressed genes were
identified using the parameters |logFC| > 0.5 and p < 0.05. Genes
differentially expressed both in TU-212 SH1 and SH2 cells compared
with control cells were further analyzed in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis as previously reported [9].

The mRNA levels were also detected by real-time PCR using the 7500
Real-time PCR System (Thermo Fischer). Relative fold changes in mRNA
expression were calculated using the formula 2722€9 and B-actin as
control. The primers were as follows: USP7 forward, 5'-GGAAGCGG-
GAGATACAGATGA-3/, USP7 reverse, 5-AAGGACCGACTCACT-
CAGTCT-3', p53 forward, 5- CAGCACATGACGGAGGTTGT-3, p53
reverse, 5- TCATCCAAATACTCCACACGC-3, B-actin forward, 5'-
TGACGTGGACATCCGCAAAG-3/, p-actin reverse, 5'-CTGGAAGGTG-
GACAGCGAGG-3'.

Western blot

Cells were harvested at indicated time and lysed by using RIPA lysis
buffer on ice. A total of 20 pg protein was loaded on 7%—15% sodium

dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were
transferred to polyvinylidene difluoride membranes and incubated with
the primary antibodies rabbit anti-USP7 (#4833, Cell Signaling Tech-
nology, CST, 1:1000), rabbit anti-p53 (#2527, CST, 1:1000), mouse
anti-p-actin (#AA128, Beyotime Biotech., 1:3000) at 4 °C overnight.
Then membranes were washed and incubated with corresponding sec-
ondary antibodies (Beyotime). Finally, the protein was visualized using
an enhanced chemiluminescence detection kit (Beyotime). The density
of the bands was analyzed, and the relative ratios of target genes and
references were calculated.

Label-free liquid chromatography-mass spectrometry (LC-MS) analysis

Ten Gy radiation was used to irradiate the laryngeal squamous cell
line TU-212, and total protein was extracted at 0, 2, 6, 12, 24, and 48 h
after irradiation. The Label-Free high-throughput mass spectrometry
method was performed by BANGFEI BIOSCIENCE Co. to detect the
changes in the expression of the whole protein profile of the cells after
irradiation as previously published [10].

Co-Immunoprecipitation (Co-IP)

Co-IP was performed using the Pierce Co-Immunoprecipitation (Co-
IP) Kit (Thermo Fisher). Briefly, USP7 antibody (#4833, CST, 1:50) and
Rabbit (DA1E) mAb IgG XP® Isotype Control (#3900, CST, 1:50) were
cross-linked to protein A/G beads and then incubated with cell lysate.
After thoroughly washed, proteins were eluted from the beads and then
analyzed using western blots with rabbit anti-USP7 (#4833, CST,
1:1000), mouse anti-p53 (1C12) (#2524, CST, 1:1000), and corre-
sponding secondary antibodies (Beyotime).

Cell colony formation assay

A total of 800 cells was seeded into the 6 cm plate with RPMI-1640
medium. Irradiation of 0 Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy, 10 Gy X-Ray was
delivered 24 h later using an ONCOR™ linear accelerator. Cells were
continued incubated for 14 days. Colonies were fixed with 4% methanol,
stained with 1% crystal violet. The number of colonies with a diameter
of > 0.2 mm was analyzed using the surviving fractions [11].

Flow cytometric analysis

A total of 5 x 10 cells were harvested at 24 h after treatment with
irradiation. Cell cycle distributions were examined. Briefly, The cells
were fixed with 72% ethanol. The samples were left in the refrigerator
for 2-5 min and centrifuged again at the same speed for 5 min. The cells
were stained with 50 pg/mL propidium iodide for 15 min at room
temperature, and then the specimens were run on a flow cytometer (BD
Bioscience, USA). Cells were then analyzed by a FlowJo (v10.6.2).

Tumor formation in nude mice

Male BALB/c nude mice (5 weeks) were subcutaneously injected
with 1 x 10 TU-212 and SNU-899 cells, respectively. After 7 days, the
nude mice were irradiated with 6 Gy X-rays three times with an interval
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Fig. 1. (A, B) USP7 expression of TU-212 cells at different time points after irradiation detected by LC-MS and western blot; (C) Knockdown effects of USP7 by
siRNAs in LSCC cells; (D, E) Clone formation assays and single target multi-shot model curve fittings of USP7-knockdown LSCC cells with or without p53 mutations.
Data are presented as mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 2. The volcano map (A, B), heatmap (C), and the KEGG analysis (D) of differentially expressed genes in TU-212 cells with USP7 knockdown.

of 3 days. The mice were sacrificed 28 days after irradiation. The tumors
were removed, and their weights were measured. Then, the tumors were
fixed with formalin and embedded with paraffin for immunohisto-
chemistry analysis.

Statistical analysis

GraphPad Prism 8 was used for plotting graphs and analyzing. Two
tails of the Student T-test, one-way ANOVA, and Kolmogorov-Smirnov
test were used to analyze statistical differences. P<0.05 was consid-
ered to indicate a statistical difference if not specified. The data were
presented as mean + standard error of the mean (SEM).

Results

The expression of USP7 in LSCC cells increased significantly after
irradiation

The high-throughput detection of the gene chip revealed 150
differentially expressed coding genes and 82 differentially expressed
non-coding genes between radiotherapy-sensitive and radiotherapy-
resistant LSCC samples (p < 0.01). It is worth noting that USP7 was

significantly up-regulated in the radiation-resistant group than in the
sensitive group (Table 1).

To further explore the mechanism related to the effect of radio-
therapy for LSCC, we used 10 Gy radiation to irradiate the LSCC cell line
TU-212, and extract total protein at 0, 2, 6, 12, 24, and 48 h after
irradiation. The Label-Free high-throughput mass spectrometry method
was used to detect the changes in the expression of the whole protein
profile of the cells after irradiation. By comparing the results of mass
spectrometry and gene chip, we found that USP7 was 21.2 times higher
than the control group after 2 h of radiation exposure, and maintained at
a higher level at 2-6 h. The expression decreased after 12 h. The western
blot results are consistent with the above results (Fig. 1A, B).

The alteration of radiosensitivity of p53-mutated or p53-wild type LSCC
cell line were different after knockdown of USP7

To explore the role of USP7 in LSCC cells, we designed two different
shRNAs targeting USP7, and transfected them into p53-mutated or p53-
wild type LSCC cell lines. The results of qRT-PCR indicated that the
expression of USP7 was significantly decreased in both p53-mutated and
p53-wild type LSCC cell lines by USP7-shRNAs compared with USP7-NC
(Fig. 1Q).

However, we found that the effect of silencing of USP7 was different
on the radiosensitivity of the p53-mutated and p53-wild type LSCC cell



H. Niu et al. Translational Oncology 22 (2022) 101466
- ns nTs ns ns ns
51-0— L s T ns T ns sh1
P4
a4
£ — ghD
™
[Ye)
o
2 05—
©
[0]
[h'4
. T I l l
TU-212 SNU-585 SNU-899 SNU-1076
B Y P \¢ SEE S\ SV P \¢ SEY S
& & & & & ¢ & & & & &
F ¥ ¥ F ¥ ¥ F ¥ ¥ F ¥ ¥
USP7 W=as o e — m-...w...z
rato 1.00 069 0.69 100 069 0.25 100 078 0.48 100 039 0.26
P53 N c— — — . e —— — —— -
rato  1.00 082 0.87 100 074 0.66 100 0.98 0.79 100 063 065
B-actin  —— = o= e=s —— o a— - A a»
TU-212 SNU-585 SNU-899 SNU-1076
1 1 1 1
C \)’\. “»%? ) \)\. \\,\)6? (©) \)\, “»%? ) \)\. ,\\,\)%? (c)
WO Y g WP g AT R g WP g
USP7 e s e — - -——
P53 . ———— P ] m———
TU-212 SNU-585 SNU-899 SNU-1076

Fig. 3. The mRNA expression (A) and the protein expression of p53 (B) in LSCC cells with USP7 knockdown; (C) Co-IP results of USP7 and p53 using anti-

USP7 antibody.

lines(Fig. 1D, E). The colony formation assay results demonstrated that
knockdown of USP7 increased the radio-sensitivity compared with
control in p53-mutated LSCC cell lines (TU-212, SNU-585). But knock-
down of USP7 reduced the radio-sensitivity in p53-wild type LSCC cell
lines (SNU-899, SNU-1076).

Knockdown of USP7 significantly changed the p53 pathway

To future explore the role of USP7 on the radiosensitivity of p53-
mutated or p53-wild type LSCC cell line, we performed RNA _Seq in
control and USP7-knockdown TU-212 cells, and identified 80 genes (55
up-regulated and 25 downregulated) differentially expressed both in
USP7-SH1 and USP7-SH2 cells compared with control TU-212 cells
(Fig. 2A, B). The heatmap showed the top 40 genes with significant
changes after USP7 knockdown, including USP7 itself (Fig. 2C),
respectively. The differentially expressed genes both in USP7-SH1 and
USP7-SH2 cells were analyzed using KEGG pathway, which indicated
that p53 pathways ranked in the top 4 mapped pathways (Fig. 2D).

The results of qRT-PCR showed that the mRNA of p53 was not
significantly changed after the knockdown of USP7 (Fig. 3A). However,

the protein was significantly decreased after the knockdown of USP7
(Fig. 3B). Meanwhile, our co-IP assays showed that USP7 could directly
bind to p53 in each LSCC cell line with or without p53 mutation
(Fig. 3C). It was known that USP7 regulates the localization and stability
of P53 by binding, deubiquitinating, and stabilizing p53 protein [12].
Our results also suggested that USP7 regulated the expression of p53 at
the protein level, not the p53 mRNA.

P53 mediated the regulation of USP7 on the radiosensitivity of LSCC cell
line

We overexpressed endogenous p53 in USP7 knockdown cells using
CRISPR-Cas9 system. Among the four sgRNAs _USP7, sg3_ USP7 most
significantly increased the expression of p53 both in p53-mutated and
p53-wild type LSCC cell lines in the results of qRT-PCR and western blot
(Fig. 4A, B). The colony formation assay results demonstrated that
overexpression of p53 reversed the effects of USP7 on p53-mutated or
p53-wild type LSCC cell line (Fig. 4C, D). To explore how did p53
mediate the regulation of USP7 on the radiosensitivity of LSCC cell line,
flow cytometric analysis was performed. The results suggested that
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knockdown of USP7 increases the ratio of G2/M phase in the cell cycle in
p53-mutated LSCC cell lines (Fig. 5A-D). However, the ratio of G2/M
phase was reduced by the knockdown of USP7 in the cell cycle in p53-
wild type LSCC cell line (Fig. 5E-H). Overexpressed endogenous p53
significantly reversed the effects of USP7 on the ratio of G2/M phase in
the cell cycle both in the p53-mutated or p53-wild type LSCC cell line
(Fig. 5A-H).

Knockdown of USP7 change the radiosensitivity of LSCC cell lines in vivo

To verify the effect of USP7 on the radio-sensitivity in vivo, a sub-
cutaneous tumor formation assay was performed. Knockdown of USP7
significantly increased the radio-sensitivity compared with control in
p53-mutated TU-212 cell lines (Fig. 6A, C). But the radioresistance was
significantly enhanced compared with control in p53-wild type SNU-899
cell lines. Overexpressed endogenous p53 significantly reversed the

effects of USP7 on the radio-sensitivity both in the p53-mutated or p53-
wild type LSCC cell line (Fig. 6B, D).

Discussion

LSCC is one of the most common tumors of head and neck malignant
tumors. Radiotherapy is one of the main treatments for LSCC as well as
surgery [13-15]. Improving the effects of radiotherapy, reducing the
toxic effects, and preserving the organs’ functions, such as voice reha-
bilitation, are quite important [16,17].

USP7 involve in a diverse array of cellular processes. Accumulating
evidence indicates that USP7 plays critical role in cancers, neurological
disorders, metabolic disorders, and immune dysfunction, making USP7 a
potential target for cancer therapy [18-21]. However, little is known
about the relationship between USP7 and radiation. Our research not
only explored and confirmed that USP7 significantly affected the
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radiotherapy of LSCC, but also revealed that USP7’s effects on
radio-sensitivity depended on the mutation status of p53.

It is currently well known that USP7, one of the most studied deu-
biquitinating enzymes, can deubiquitinate p53 and activate the p53
signaling. USP7 was reported to bind to the carboxy-terminus of p53,
while p53 specifically recognizes the N-terminal tumor necrosis factor-
receptor associated factor (TRAF)-like domain of USP7 [22,23]. p53,
as the most frequently mutated genes in LSCC, plays a pivotal role in
tumorigenesis, cell growth rates, and even tumor response to chemo-
therapy and radiation [24-26]. The mechanism of how p53 status affects
the cellular response to radiotherapy involves signaling pathways in cell
survival, growth, apoptosis, ferroptosis, and DNA repair [27-29].

A comprehensive study on a systematic scale examined the role of
p53 in radiosensitivity, including 39 human tumor cell lines from 9
histological types with different p53 statuses, and showed that cells that
expressed p53-wild type exhibited more cell killing than cell lines that
expressed mutant p53 [30]. It was also confirmed that cell lines from
head and neck cancer harboring disruptive p53 mutations were more
radioresistant than those with p53-wild type or non-disruptive p53
mutations [31]. However, many studies reported that mutant p53 had
no effect or even enhanced cellular sensitivity to radiation [32]. It is
quite important to be aware that p53 could present different types of
mutations, and other p53 mutations do not have the same biological
effects, which need to be explored furtherly. Okaichi K et al. [33]
transferred different types of mutant p53 genes into human osteosar-
coma Saos-2 cells (p53“““), and found that cells with p53 mutations at
codons 175, 244, 245, 273, and 282 were radioresistant, whereas those
with mutations at codons 123, 195, 238, and 242 were radiosensitive. In
this study, TU-212 cells with p53_P151S and SNU-585 cells with p53_
R273L were used. We supposed that the P151S mutation at the trans-
activation domain of p53 might disrupt its transcriptional activation
function, and inhibit the transcript of its target genes through binding to
their transcription initiation regions and blocking the binding of other
factors with transcriptional activation activity. Meanwhile, the R273L
mutation may lead to a gain-of-function (GoF) phenotype of p53 and the
aggregation of p63 and p73, which are also important regulators of cell
cycle as reported [34,35].

At present, the treatment plan of transfecting wild-type p53 into
tumor cells by adenovirus has been tested in a number of clinical studies,
which has a very good effect on tumor treatment and radiosensitivity
[36]. However, it is still difficult to be applied to the clinic due to the
specificity and safety of adenovirus. Our study inferred that targeting
USP7 could increase the radiotherapy sensitivity of tumor cells with p53
mutations through the p53 pathway, effectively enhancing the killing
effect of radiation on LSCC. A variety of specific USP7 inhibitors has
been found these days, which may have significant application value in
the radiation field [37,38]. Our research will provide a theoretical basis
for the clinical application of USP7 inhibitors in radiotherapy.

Our study has several limitations. First, we couldn’t validate the
correlation between the outcome of radiotherapy and the expression of
USP7 in a large cohort of patients due to the lack of enough specimens.
Second, whether USP7 promotes the radio-sensitivity in normal laryn-
geal cells is still unsure. The effects of USP7 may be different between
normal laryngeal cells and p53-wild type LSCC cells. Third, our study
lacks in-depth exploration of p53’s downstream pathways in the radio-
sensitivity, mainly due to the limited experimental conditions and
funding. We hope those questions will be well addressed in the future
study.

Conclusions

Radiotherapy induced the raised expression of USP7 in LSCC. USP7
inhibited the radio-sensitivity of p53-mutated LSCC cells, while it pro-
moted radio-sensitivity of p53-wild type LSCC cells. Since most LSCC
patients harbor p53 mutation, targeting USP7 has the potential effects to
improve the radiation sensitivity of LSCC and reduce radiation damage
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of surrounding normal tissue.
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