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Abstract

Background Ubiquitin specific peptidase 47 (USP47) is a kind of deubiquitinase, which has been reported to play oncogenic
roles in several malignancies including colorectal cancer and breast cancer.

Objective Here we aimed to investigate the clinical significance of USP47 in lung squamous cell carcinoma (LUSC).
Methods We retrospectively enrolled a cohort of LUSC patients who underwent surgical resection in our hospital (n=280)
and conducted immunohistochemistry staining for their tumor tissues targeting USP47. The correlations between USP47
expression and clinicopathological characteristics were evaluated by Chi-square test. Univariate and multivariate analyses
were conducted to assess the prognostic predictive role of USP47 in LUSC. Cell lines and mice models were utilized to
explore the tumor-related functions of USP47 in vitro and in vivo, respectively.

Results Among the 280 cases, there were 127 cases classified as high-USP47 expression and 153 cases with low-USP47
expression. Statistical analyses revealed that higher USP47 expression was independently correlated with larger tumor size,
advanced T stage, and unfavorable prognosis. Knockdown of USP47 by shRNA resulted in impaired proliferation of LUSC
cell lines and reduced nucleus beta-catenin level. Furthermore, xenograft assays demonstrated that silencing USP47 can
inhibit LUSC tumor growth in vivo.

Conclusion Our research established a novel tumor-promoting effect and prognostic predictive role of USP47 in LUSC,
thereby providing evidence for further therapeutic development.

Keywords Lung squamous cell carcinoma - Proliferation - Prognosis - Ubiquitin specific peptidase 47 - Xenografts

Introduction

Lung cancer ranks the most frequent malignancy and the
leading cause of tumor-associated deaths in the world (Siegel
et al. 2016). More than 80% lung cancers can be pathologi-
cally defined as non-small cell lung cancer (NSCLC), which
includes lung squamous cell carcinoma (LUSC) and lung
adenocarcinoma. LUSC is usually originated from bronchi
(Gridelli et al. 2015), which is characterized with unsatis-
fied prognosis (Diaz-Garcia et al. 2013). Identifying novel
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biomarkers for prognostic prediction as well as therapeutic
development is therefore critically needed (Tang et al. 2018;
Wang et al. 2021; Yan et al. 2021; Yang et al. 2021).
Ubiquitin specific peptidase 47 (USP47) belongs to
a family of ubiquitin-specific cysteine proteases, which
functions by catalyzing the removal of ubiquitin from
protein substrates that are ubiquitinated (Quesada et al.
2004). As an enzyme, the function of USP47 depends on
its downstream substrates and plays vital roles in differ-
ent cellular processes including carcinogenesis and cancer
progression. For example, immunofluorescence staining
data revealed that USP47 was upregulated in colorectal
adenocarcinoma (CRC) tissues than that in nontumorous
adjacent tissues (Choi et al. 2017), indicating its poten-
tial involvement in CRC. Indeed, later it was reported that
upregulation of USP47 was correlated with carcinogenesis
and unfavorable prognosis of CRC patients, which may
functions by maintaining the cancer cell stemness (Zhang
et al. 2021). Besides, USP47 was found to be significantly
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upregulated in an epithelial-to-mesenchymal transition
(EMT) model established using non-tumorigenic cell line
MCF-10A cells, highlighting its participation in tumo-
rigenesis (Silvestrini et al. 2020). Similarly, it has been
suggested that USP47 may be required for HGF-induced
wound healing of human pancreatic cancer cells (Buus
et al. 2009). However, the expression pattern and func-
tion of USP47 in many other malignancies including lung
cancers remain unknown.

In the current study, we initially investigated the pro-
tein expression level and clinical significance of USP47 in
LUSC. In addition, the tumor-related role of USP47 was
identified via knockdown strategy in two LUSC cell lines
as well as in xenograft mice models.

Patients and methods
Patients’ information

We enrolled 280 primary LUSC cases (129 females and
151 males) who underwent surgical resection in our hos-
pital with a median follow up time as 31 months (ranging
2-95 months). The patients’ characteristics were summa-
rized in Table 1. None of the patients underwent preop-
erative chemotherapy or other neoadjuvant therapies, but
88 cases (88/280, 31.4%) accepted postoperative adjuvant
therapy treatment including chemotherapy, radiotherapy,
or targeted therapy, etc. According to the age at diagno-
sis, 121 cases were equal to or younger than 65 years old,
and 159 cases were older than 65 years old. Well grade of

Table 1 Correlations

. Variables Cases (n=280) USP47 expression P value
between USP47 expression
and clinicopathological Low (n=153) High (n=127)
characteristics of LUSC patients
Age (years) 0.831
<65 121 67 54
>65 159 86 73
Gender 0.906
Females 129 70 59
Males 151 83 68
Differentiation grade 0.295
Well 41 27 14
Moderate 134 71 63
Poor 105 55 50
Tumor site 0.155
Upper lung 195 112 83
Middle/lower lung 85 41 44
Laterality 0.386
Left lung 120 62 58
Right lung 160 91 69
Tumor size <0.001*
<30 mm 167 110 57
30-50 mm 75 32 43
>30 mm 38 11 27
T stage <0.001%*
T1 142 107 35
T2 97 36 61
T3-T4 41 10 31
LN metastasis 0.130
Negative 206 107 99
Positive 74 46 28
Adjuvant therapy 0.126
Rejected or unknown 192 99 93
Accepted 88 54 34

USP47 ubiquitin specific peptidase 47, LUSC lung squamous cell carcinoma, LN lymph node

*Statistically significant by Chi-square test
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pathological differentiation was observed in 41 cases, mod-
erate differentiation in 134 patients, and poor differentiation
in the other 105 patients. Up to 160 cases showed tumor
location in right lung, while the other 120 cases with tumor
location in the left lung. There were 167 cases with tumor
size less than 30 mm in diameter, 75 cases with tumor size
30-50 mm, and only 38 cases with tumor size larger than
50 mm. Accordingly, 142 patients were staged as stage T1,
97 cases as stage T2, and the other 41 cases as stage T3-T4.
As for the lymph node status, 206 patients showed no meta-
static lymph node, while the other 74 cases showed positive
lymph nodes.

GEPIA

Bioinformatic analysis was performed using Gene Expres-
sion Profiling Interactive Analysis (GEPIA) (http://gepia.
cancer-pku.cn/#analysis) and the Human Protein Atlas
(https://www.proteinatlas.org/) based on the data from The
Cancer Genome Atlas (TCGA).

Immunohistochemistry (IHC)

IHC was conducted to explore the USP47 protein expression
level in clinical tissue samples. Briefly, the tissue sections
were deparaffinized, rehydrated, and then incubated with 3%
hydrogen peroxide (H,O,). Antigen retrieval was achieved
by using ethylene-diamine-tetra acetic acid (EDTA) buffer.
The tissue sections were blocked with 5% bovine serum
(BSA) and then probed with anti-USP47 antibody (1:300,
Thermo Fisher Scientific) at 4 °C overnight. Secondary anti-
body was then added and incubated. The immunoreactivity
was finally detected by using the diaminobenzidine (DAB)
staining reagents according to the manufacturer’s instruc-
tions (Liu et al. 2021). The IHC results were next scored
regarding both staining intensity and the percentage of posi-
tively stained cells. Staining intensity was scored as nega-
tive staining: (—); weak staining: (+); moderate staining:
(4++); and strong staining: (+++). Accordingly, slides with
more than 30% moderate stained cells (++) were regarded as
high-USP47 expression; otherwise, the slides were grouped
as low-USP47 expression.

Cell culture and shRNA infection

Human LUSC cell lines (SK-MES-1 and Calu-1) were
acquired from the American Tissue Culture Collection
(ATCC). All cells were routinely maintained in RPMI 1640
medium containing 10% fetal bovine serum (FBS). The cells
were cultured in 37 °C incubator with 5% carbon dioxide.
The shRNAs targeting USP47 were constructed in
pLVTHM lentiviral vectors (Sigma) with the follow-
ing sequences. Scrambled shRNA: TTCTCCGAACGT

GTCACGT; shRNA#1: GAATCTGTCTTGAAACCA
A; shRNA#2: GCAATGACTTGCTATTTGAA. Briefly,
pLVTHM-shRNAs were co-transfected with the packag-
ing vector psPAX2 and the envelope vector pMD2.G into
HEK?293T cells using Lipofectamine™ 2000 reagent. The
culturing media containing virus were harvested at 24 h
post-transfection. LUSC cells were then infected with len-
tivirus medium mentioned above. After infection for three
repeats, the knockdown efficiencies were determined by
western blotting. The pLVTHM-scrambled shRNA was
used as negative control.

Protein extraction and subcellular fractionation

Total protein in cultured cells was extracted using radio
immunoprecipitation assay (RIPA) lysis buffer (PO013B,
Beyotime) supplemented with protease and phosphatase
inhibitors (P1051, Beyotime) along with 0.1 mM phenyl-
methylsulfonyl fluoride (PMSF) (ST506, Beyotime).

Cell fractionation and nuclear protein extraction were
performed using the Nuclear and Cytoplasmic Protein
Extraction Kit (P0028, Beyotime) according to the stand-
ard protocols. The BCA assay (Thermo Fisher Scientific)
was used to detect protein concentration.

Western blot (WB) assay

Equal amount of protein samples was subjected to sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) (PO012A, Beyotime), and then transferred to
polyvinylidene fluoride (PVDF) membrane (IPSN07852,
Millipore, Bedford, MA, USA). Next, membranes were
incubated with primary antibodies at 1:1000 dilution at
4 °C overnight, then washed by 0.1 M TBST (TBS con-
taining 0.1% Tween-20) for three times, followed by incu-
bation with horseradish peroxidase-conjugated secondary
antibodies for 1 h at room temperature. Finally, the immu-
noreactivities were tested using the ECL Western Blotting
Substrate (Biotech, Beijing, China).

CCK-8 assays

Cell Counting Kit-8 assay (CCK-8, Donjindo, Tokyo,
Japan) was introduced to evaluate the cell viability. Stably
infected cells were seeded into 96-well plates and cultured
for designated time points. Then 10 pL CCK8 reagents per
well were added and the plates were incubated for addi-
tional 4 h. Then the absorbance at 450 nm was measured
using a microplate reader to assess cell viability.
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Colony formation

Single-cell suspensions of LUSC cells were seeded into
6-well plates at 1000 cells/well and incubated at 37 °C
for 14 days. Then cells were fixed with 4% formaldehyde
for 30 min, followed by staining with crystal violet solu-
tion for another 30 min. Then numbers of colonies were
counted. Each experiment was repeated for three times.

Xenografts

The animal experiments were conducted with the approval
by the Ethics Committee of our hospital. BALB/c nude
mice were purchased from Shanghai Experimental Animal
Center (China). shRNA-infected cells were collected and
subcutaneously injected into nude mice. The growth of
xenografts was monitored every week using a vernier cali-
per for four weeks. The tumor volume was counted via the
equation: volume = 0.5 X length X width X width. After four
weeks, all the mice were sacrificed for xenograft isolation
(Chen et al. 2021).

Statistical analysis

Cancer-specific survival (CSS) was defined as the period
between surgical resection to the time of death caused
by LUSC. All data were analyzed using SPSS20.0 and
results were expressed as mean + SEM. The survival of
LUSC patients was assessed using Kaplan—Meier sur-
vival analysis and compared by log-rank test. Differences
between two groups were analyzed using the Student’s ¢
test and differences between three or more groups were
analyzed using one-way analysis of variance (ANOVA)
test. P <0.05 was considered with statistical significance.

Results
Expression and clinical relevance of USP47 in LUSC

IHC data revealed a distinct protein expression pattern
of USP47 in LUSC samples, therefore we grouped the
cohort into high-USP47 group (n=127, Fig. la) and
low-USP47 group (n=153, Fig. 1b). By evaluating the
correlations between USP47 expression with clinico-
pathological characteristics using Chi-square test, we
found that tumors with larger size were more prevalent to
show higher USP47 protein staining intensity (P < 0.001,
Table 1). Consistently, USP47 protein expression was also
positively correlated with the tumor T stage (P <0.001),
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indicating that USP47 may participate in promoting LUSC
tumor growth.

Prognostic analyses of LUSC cohort

Kaplan—Meier analyses were next conducted to further esti-
mate the clinical significance of USP47 in LUSC. As shown
in Fig. 1c, patients with higher USP47 expression showed a
significant worser CSS than those with lower USP47 expres-
sion (P=0.019). The mean CSS time of high-USP47 group
was 62.4 + 3.9 months, while was 67.1 +2.8 months in low-
USP47 group (Table 2). The 5-year CSS rate of high-USP47
group was 57.9%, while was 68.7% in low-USP47 group.
Moreover, we extracted the data from TCGA datasets and
found that a higher mRNA level of USP47 can also serve as
an unfavorable prognostic factor for the disease-free survival
(P=0.006, Fig. 1d) and overall survival (P=0.015, Fig. le)
of LUSC patients.

Besides USP47 expression level, the prognostic effects of
other enrolled factors were also analyzed (Fig. 2, Table 2).
Accordingly, larger tumor size, advanced T stage, positive
lymph nodes, and adjuvant chemotherapy were all identified
as unfavorable prognostic factors based on univariate analy-
ses (Table 2). However, the tumor size and adjuvant therapy
lost their statistical significance in the further multivariate
analysis (Table 3), indicating that they were not independent
prognostic factors in our cohort. In contrast, T3—T4 tumor
stage (HR=2.613, 95% CI 1.050-4.457) and positive lymph
nodes (HR=2.217, 95% CI 1.252-3.928) were identified as
independent prognostic factors. Of note, higher USP47 pro-
tein expression (HR=1.911, 95% CI 1.136-3.213) was also
confirmed as a novel independent risk factor for unfavorable
prognosis of LUSC patients.

USP47 exerts tumor-promoting effects in LUSC

Considering the clinical significance of USP47 in LUSC, we
were engaged to further investigate its detailed tumor-related
functions. Using specific ShRNAs to knockdown USP47
expression, we found that there was no significant alteration
on the total beta-catenin level compared to the scrambled-
shRNA-infected cells (Fig. 3a). However, the nucleus beta-
catenin level was significantly downregulated after silenc-
ing USP47 in both the two LUSC cell lines, indicating that
USP47 may exert tumor-promoting effects at least partially
via modulating beta-catenin signaling. Indeed, CCK-8 assay
(Fig. 3b) and colony formation data (Fig. 3c) revealed that
USP47-shRNA can significantly inhibit the proliferation
capacities of LUSC cell lines.

Finally, we conducted in vivo assays using xenograft mice
model to validate the effects of USP47 in LUSC. Accord-
ing to the xenograft growth curves, the growth of USP47-
shRNA-infected xenografts was significantly slower than
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Fig. 1 Expression and predictive value of USP47 in LUSC. Immuno-
histochemistry staining showed representative high (a) and low (b)
protein expression of USP47 in LUSC tissues. Kaplan—Meier curves

were plotted based on the protein levels of USP47 in our retrospective
cohort (¢), or based on mRNA levels of USP47 in TCGA datasets (d,

e)
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Table 2 Univariate analysis for

. I Variables Cases (n=105) Overall survival (months) P value
the cancer-specific survival in
LUSC patients Mean + SEM 5-year CSS (%)

Age (years) 0.848
<65 121 66.9+3.8 60.3
>65 159 63.0+2.9 67.1

Gender 0.467
Females 129 63.9+3.0 66.3
Males 151 66.5+3.5 61.9

Differentiation grade 0.167
Well 41 69.1+4.4 78.0
Moderate 134 66.1+3.3 65.2
Poor 105 62.8+4.5 55.0

Tumor site 0.945
Upper lung 195 68.7+2.9 62.0
Middle/lower lung 85 59.8+3.6 68.9

Laterality 0.456
Left lung 120 57.8+3.3 65.8
Right lung 160 69.5+3.2 63.1

Tumor size 0.007*
<30 mm 167 66.8+2.7 71.1
30-50 mm 75 64.8+5.0 55.4
>30 mm 38 53.4+6.3 46.0

T stage <0.001%*
T1 142 69.4+29 75.0
T2 97 66.3+4.4 60.6
T3-T4 41 45.6+5.9 35.1

LN metastasis <0.001%*
Negative 206 71.6+£2.6 71.8
Positive 74 509+5.2 42.6

Adjuvant therapy <0.001*
Rejected or unknown 192 68.6+2.5 74.1
Accepted 88 553144 43.4

USP47 level 0.019*
Low 153 67.1+2.8 68.7
High 127 62.4+3.9 57.9

USP47 ubiquitin specific peptidase 47, LUSC lung squamous cell carcinoma, LN lymph node, CSS cancer-

specific survival

*Statistically significant by log-rank test

that of scrambled-shRNA-infected ones (Fig. 4a). Consist-
ently, isolated xenografts showed small tumor size as well as
tumor weight in USP47-shRNA infected groups (Fig. 4b, c).

Discussions

In this study, we identified USP47 as a novel predictor for
the survival of LUSC patients who underwent surgical resec-
tion. According to our cohort, LUSC patients with higher
USP47 protein expression level in the tumor tissues exhib-
ited significantly poorer prognosis than those with lower
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USP47 protein expression in tumor tissues. Although this
was a single center retrospective cohort, we validated our
findings by utilizing the TCGA datasets. As a result, TCGA
data revealed that LUSC patients with high USP47-mRNA
level exhibited unfavorable overall survival and disease-free
survival than those with low USP47-mRNA expression in
tumor tissues. Combined with the multivariate analysis, we
safely came to the conclusion that USP47 can serve as a
novel independent prognostic predictor for LUSC patients.

Besides its correlation with prognosis, we also found that
the expression level of USP47 was positively correlated with
tumor size and T stage of LUSC patients. Therefore, we
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Fig.2 Survival analyses of LUSC cohort. The prognostic value of
all enrolled clinicopathological parameters were evaluated using
Kaplan—Meier method and compared using log-rank test, including

conducted cellular assays by silencing USP47 in two LUSC
cell lines, which demonstrated that USP47-knockdown
would remarkably suppress lung cancer growth. The tumor-
inhibiting effect of USP47 was finally confirmed by using
xenograft mice models, thus providing initial evidence on
that targeting USP47 would be a potential direction for novel
therapy development of LUSC.

Since this paper mainly focused on the clinical signifi-
cance of USP47 in LUSC, we did not fully investigate its

patients’ age (a), sex (b), differentiation grade (c), tumor site (d),
tumor laterality (e), tumor size (f), T stage (g), lymph node metastasis
(h), and adjuvant therapy (i)

underlying signaling mechanisms. Nevertheless, immunob-
lotting data demonstrated that USP47-knockdown resulted in
a significant decrease in the nucleus level of f-catenin with-
out significant effect on the total B-catenin level in the whole
cell lysate. Consistent with our findings, a previous report
by Shi et al. showed that USP47 can directly deubiquitinate
[B-catenin, thus preventing its ubiquitination and degradation
(Shi et al. 2015). Moreover, their data also found that USP47
shRNAs significantly decreased the protein level of nuclear
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Table3 Cox multivariate analysis for cancer-specific survival in
LUSC patients

Variables Hazard ratio 95% confidence P value
interval

Tumor size

<30 mm Reference

30-50 mm 0.848 0.456-1.577 0.602

>30 mm 1.090 0.545-2.178 0.807
T stage

Tl Reference

T2 0.988 0.504-1.938 0.972

T3-T4 2.163 1.050-4.457 0.036%*
LN metastasis

Negative Reference

Positive 2217 1.252-3.928 0.006*
Adjuvant therapy

Rejected or Reference

unknown

Accepted 1.608 0.884-2.927 0.120
USP47 level

Low Reference

High 1.911 1.136-3.213 0.015*

USP47 ubiquitin specific peptidase 47, LUSC lung squamous cell car-
cinoma, LN lymph node

*Statistically significant by Cox regression test

p-catenin in HEK293T cells with or without Wnt treatment,
which is also confirmed in our study in LUSC cells. There-
fore, the crosstalk between USP47 and f-catenin signaling
deserves further investigation.

Besides p-catenin, USP47 can also stabilize other protein
substrates, subsequently exerts its tumor-related functions.
For example, USP47 can regulate base excision repair by
controlling steady-state level of DNA polymerase . Knock-
down of USP47 causes an increased ubiquitylation of Pol
B, a decreased level of Pol B, and a subsequent deficiency
in base excision repair, leading to accumulation of DNA
strand breaks and consequently decreased cell viability
in response to DNA damage (Parsons et al. 2011). Mean-
while, USP47 was found to counteract the ubiquitination
of MAPKSs induced by the N-end rule ligase POE/UBR4
in Drosophila, implying its involvement in MAPK signal-
ing (Ashton-Beaucage et al. 2016). Although our data did
not find a significant correlation between USP47 expres-
sion with LUSC metastasis, silencing of USP47 accelerated
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the proteasomal degradation of Snail and inhibited EMT in
colon cancers (Choi et al. 2017) as well as in MCF-10A cells
(Silvestrini et al. 2020). Other reported substrates of USP47
in colon cancer cells include Stabilin 1 (Yu et al. 2019) and
yes-associated protein 1 (Pan et al. 2020), both participate in
modulating cell proliferation. In addition to the proliferation
and invasion processes, USP47 also participates in modulat-
ing the cytotoxic effects of anticancer drugs via stabilizing
Cdc25A (Peschiaroli et al. 2010) and p-transducin repeat-
containing protein (BTrCP) (Naghavi et al. 2018).

USP47 can be regulated by various upstream regulators.
For example, expression of USP47 can be directly inhibited
by microRNAs (miR) including miR-204-5p in gastric can-
cer cells (Zhang et al. 2015), miR-199b (Guo et al. 2020)
and miR-188-5p (Yan et al. 2019) in colon cancer cells, miR-
101-3p in osteosarcomas (Zhang et al. 2020), miR-204-5p
in ovarian cancer cells (Hu et al. 2019), and miR-454 in
nasopharyngeal carcinoma cells (Yuan et al. 2021). Besides,
endoplasmic reticulum aminopeptidase 1 (ERAP1) was
reported to bind with USP47, thus displacing USP47-associ-
ated substrates such as fTrCP, which affected the Hedgehog-
dependent tumorigenesis (Bufalieri et al. 2019).

As a functional enzyme with tumor-related roles, USP47
has been attracting more and more attentions on develop-
ing its specific inhibitors (Weinstock et al. 2012) including
small-molecule allosteric inhibitors (Engstrom et al. 2020)
and natural drugs (Zhang et al. 2021). Indeed, several USP47
inhibitors had been reported to possess antitumor potentials.
For example, P5091 can inhibit expression of EMT markers
and reverted morphological changes in MCF-10A cells that
undergoing EMT (Silvestrini et al. 2020). Another example
is that P22077 exerts cytotoxicity to chronic myeloid leuke-
mia (CML) both in vitro and in vivo, which can also elimi-
nate leukemia stem/progenitor cells in CML mice (Lei et al.
2021). Therefore, targeting USP47 would be an invaluable
direction for novel therapeutic development in malignancies.

Conclusions

Taken together, USP47 is highly expressed in LUSC tis-
sues and correlated with aggressive tumor characteristics as
well as unfavorable prognosis, which may function through
promoting tumor proliferation. Silencing USP47 can signifi-
cantly impair LUSC progression, thus may serve as a novel
therapeutic target and prognostic biomarker.
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Fig.3 Silencing USP47 decreases nucleus beta-catenin and inhibits
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cant decrease in nucleus beta-catenin level without affecting its entire
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shRNAs can attenuate LUSC cell viability. ¢ Comparing with control
groups infected with scramble shRNA, USP47-shRNA infected cells
showed an impaired capacity in colony formation. *P <0.05 by one-

way ANOVA test
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The excised tumors were photographed, which showed a significant groups than control ones. *P <0.05 by Student’s t-test
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