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Background: Cyclin D1 (CCND1) is overexpressed in non-small cell lung cancer (NSCLC) and
contributes to its tumorigenesis and progression. Accumulating evidence shows that ubiquitin-specific
protease 5 (USP5), an important member of the USP family, acts as a tumor promoter by deubiquitinating
and stabilizing oncoproteins. However, neither the mechanism for dysregulated turnover of CCNDI1 protein
nor the association of CCND1 with USP5 in NSCLC is well understood.

Methods: The association of USP5 with CCND1 in human NSCLC cells and clinical tissues was
determined by immunoprecipitation/immunoblotting, immunohistochemistry (IHC), and The Cancer
Genome Atlas database analyses. The effect of USP5 knockdown or overexpression on NSCLC cell
proliferation in vitro was assessed by Cell Counting Kit-8, flow cytometry-based cell cycle, and colony
formation assays. The effect of the USPS5 inhibitor EOAI3402143 (G9) on NSCLC proliferation in vitro was
analyzed by CCK-8 assay. The effect of G9 on NSCLC xenograft tumor growth was also examined 7z vivo,
using athymic BALB/c nude mice.

Results: USP5 physically bound to CCND1 and decreased its polyubiquitination level, thereby stabilizing
CCND1 protein. This USP5-CCND1 axis promoted NSCLC cell proliferation and colony formation.
Further, knockdown of USP5 led to CCND1 degradation and cell cycle arrest in NSCLC cells. Importantly,
this tumor-suppressive effect elicited by USP5 knockdown in NSCLC cells was validated in vitro and in vivo
through chemical inhibition of USP5 activity using G9. Consistently, G9 downregulated the protein levels
of CCND1 in NSCLC cells and xenograft tumor tissues. Also, the expression level of USP5 was positively
associated with the protein level of CCNDI1 in human clinical NSCLC tissues.

Conclusions: This study has provided the first evidence that CCND1 is a novel substrate of USP5. The
USP5-CCNDI1 axis could be a potential target for the treatment of NSCLC.
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Introduction

Lung cancer is the most commonly diagnosed malignacy
(11.6% of total cases) and the leading cause of cancer-related
deaths (18.4% of total cancer deaths) (1,2). According to its
histopathological characteristics, lung cancer can be classified
into small cell lung cancer and non-small cell lung cancer
(NSCLC). Accounting for about 85% of all lung cancer
cases (2-4), NSCLC is a large subtype of lung cancers that
includes squamous cell carcinoma, adenocarcinoma, large cell
carcinoma and other rare histologies. Despite the last decade
witnessing advances in targeted therapy and immunotherapy
for lung cancer, the 5-year survival rate of patients with
the disease remains low (5). Therefore, gaining progressive
understanding of the mechanisms of disease initiation and
progression leads to the identification of biomarkers. The
unveiling of potential therapeutic targets is instructive and
meaningful to treating and improving the prognosis of
NSCLC.

Cell cycle progression is determined by a well-tuned
signal transduction cascade, in which D-type cyclins play a
critical role. Human cyclin D genes encode three D-type
cyclins, namely cyclin D1 (CCND1), cyclin D2 (CCND2),
and cyclin D3 (CCND?3), each of which can interact with
and activate cyclin-dependent kinase 4/6 (CDK4/6). Once
activated, CDK4/6 phosphorylates the retinoblastoma (Rb)
protein and promotes G1/S phase cell cycle transition (6,7).
Notably, CDK4/6 inhibitors have recently become the
standard of care in several settings of breast cancer patients,
pointing out the therapeutic relevance of this axis (8).

NSCLC has the characteristics of a high proliferation
rate and rapid growth, which are highly associated with
shorter cell cycle intervals and rapid cell mitosis. In NSCLC,
CCNDI1 has been found to be elevated and to promote
carcinogenesis, cell cycle progression, metastasis, and
drug resistance (9-13). Furthermore, its overexpression
is associated with a shorter overall survival (OS) rate in
patients with lung cancer (11,14). These reports suggest that
CCNDL is a key driver marker and an important therapeutic
target in NSCLC. Cyclin D1 is frequently dysregulated at
multiple transcriptional and post-transcriptional levels in
human cancers (10,15). However, the regulatory mechanism
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of CCND1 expression in NSCLC, especially at a post-
translational level, has largely remained elusive.

CCNDI1 is a rapid response protein in cell cycle
progression. It has a very short half-life, owing to the PEST
domain at its C-terminus, which is characteristic of proteins
that are rapidly turned over (11). Active glycogen synthase
kinase-3B (GSK-3pB) can phosphorylate CCNDI1 protein
at threonine residue 286 (1286), consequently triggering
ubiquitin-mediated degradation in proteasome (16). It has
also been reported that CCND1 can be polyubiquitinated
by regulator of cullin 1 (ROC1)-cullin 1 (Cull) (17) and
F-box protein 4 (FBX4) (18), two major components of the
Skp1-Cull-F-box (SCF) family of E3 ubiquitin ligases for
proteasomal degradation.

CCND1 ubiquitination is a dynamic process and certain
deubiquitinases can remove the conjugated ubiquitin
molecules. Some members of the ubiquitin-specific protease
(USP) family, including USP2a (19), USP10 (20), and
USP22 (21), have been reported to potentially deubiquitinate
CCNDI1 protein and enhance its stability. Recent studies
have demonstrated that CCND1 can be upregulated by
USPS5, another member of the USP family, in pancreatic
cancer (22) and NSCLC (23); however, the mechanism of
action is still unclear.

Given its deubiquitinating effect on multiple oncoproteins (24),
the present study was performed to investigate whether
USP5 upregulates the expression level of CCND1 protein in
NSCLC via deubiquitination and stabilization of CCNDI.
A previous study has shown that inhibition of deubiquitinases
using small-molecule inhibitors displays a tumor-suppressive
activity (25). In order to provide a therapeutic strategy moving
from our mechanistic insights, we further evaluated the
potential anticancer activity of USP5 inhibition. We present
the following article in accordance with the ARRIVE reporting
checklist (available at https://dx.doi.org/10.21037/tlcr-21-767).

Methods
Cell lines

Human NSCLC cell lines such as A549 (KRAS.G12S),
NCI-H1299 [H1299] (NRAS Q61K), NCI-H23 [H23]
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(KRAS G12C), NCI-H460 [H460] (KRAS Q61H), HCC827
(EGFR del 19), and NCI-H838 [H838] (KRAS WT), human
bronchial epithelial cell line HBE, and human embryonic
kidney cell line HEK293T which is an excellent tool cell line
for transfection and immunoprecipitation (IP) experiments
were purchased from Procell (Wuhan, Hubei, China). The
NSCLC cell lines and HBE cell line were cultured in Roswell
Park Memorial Institute 1640 (RPMI 1640, BasalMedia,
Shanghai, China). The HEK293T cell line was cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, BasalMedia).
The mediums were supplemented with 10% fetal bovine
serum (ExCell Bio, Shanghai, China) and 1% penicillin/
streptomycin (Beyotime, Nantong, Jiangsu, China).

Plasmids and small interfering RNAs

Human USPS5 expression plasmid with a Myc tag (Myc-
USP5), CCND1 expression plasmid with a Flag tag (Flag-
CCND1), and ubiquitin (Ub) expression plasmid with an
HA tag (HA-Ub) were generated as described previously
(11,26). Small interfering RNAs (siRINAs) targeting human
USPS5 including USP5 siRNA (siUSP5) #1 (5'-CCC AGC
GAG UUG ACU ACA U-3") and siUSP5 #2 (5'-GAU
AGA CAU GAA CCA GCG GAU-3"), as well as scramble
control (siNC) were obtained from Ribobio (Guangzhou,
Guangdong, China).

Antibodies and chemicals

The following antibodies (Abs) were used: rabbit anti-
CCND1 [Cat. No. 2922 for IP/immunoblotting (IB) and
2978 for immunohistochemistry (IHC), CST, Danvers,
MA, USA], rabbit anti-USP5 (Cat. No. 10473-1-AP,
Proteintech, Wuhan, Hubei, China), rabbit anti-CCND?2
(Cat. No. 2924, CST), rabbit anti-CCND3 (Cat. No.
26775-1-AP, Proteintech), mouse anti-CDK4 (Cat. No.
12790, CST), mouse anti-CDK6 (Cat. No. 3136, CST),
mouse anti-Rb (Cat. No. 9309, CST), rabbit anti-Phospho-
Rb (Ser780) (Cat. No. 3590, CST), rabbit anti-B-tubulin
(Cat. No. 10068-1-AP, Proteintech), mouse anti-Ub (Cat.
No. sc-271289, Santa Cruz, Dallas, TX, USA), mouse anti-
Myec (Cat. No. M192-3, MBL, Tokyo, Japan), mouse anti-
Flag (Cat. No. M185-3, MBL), mouse anti-HA (Cat. No.
M180-3, MBL), and horseradish peroxidase (HRP)-labeled
goat anti-rabbit IgG (H+L) (Cat. No. A0208, Beyotime)
and anti-mouse IgG (H+L) (Cat. No. A0216, Beyotime).
Cycloheximide (CHX) was purchased from Sigma-Aldrich
Chemicals (St. Louis, MO, USA). WP1130 (Degrasyn) and

© Translational Lung Cancer Research. All rights reserved.

3997

G9 (EOAI3402143) were purchased from Selleck Chemicals
(Houston, TX, USA).

Transfection of plasmids and siRNAs

For our experiments, plasmids and siRINAs were transfected
into NSCLC or HEK293'T cells, using Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA, USA), and the cells were
collected at the post-transfection time points indicated.

IB analysis

Cells were lysed with RIPA lysis buffer (Beyotime) and the
protein concentrations were measured by bicinchoninic
acid (BCA) assay (Pierce, Rockford, IL, USA). Equal
amounts of proteins (30 pg) were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to a polyvinylidene difluoride membrane (Merck
Millipore, Billerica, MA, USA). Blots were probed with the
appropriate Abs. Primary and secondary Abs were used at
concentrations in line with the suppliers’ instructions.

IP assay

The IP assay was performed as described previously (27).
Briefly, Cell lysates were then prepared in a RIPA lysis
buffer and centrifuged at 12,000 rpm for 10 min at 4 °C, the
resultant proteins (200 pg) were first incubated with each
Ab of interest (2 pg) for IP at 4 °C overnight and then with
protein A/G-Sepharose beads (Beyotime) at 4 °C for 1 hour.
The collected beads were then washed 3 times with cold
PBS, and finally suspended in 20 pL of 2x loading buffer
and boiled for IB with the appropriate Abs.

Cell cycle analysis

After 48-hour knockdown of USP5, NSCLC cells were
fixed with 70% pre-cooled ethanol for 24 hours. After being
washed with cold phosphate-buffered saline (PBS), 2x10°
cells from each group were stained with propidium iodide
(Beyotime) for 30 minutes before flow cytometry was used
to analyze the cell cycle profile.

Cell proliferation and colony formation assays

NSCLC cells were transfected with Myc-USP5 plasmid
or empty vector plasmid (negative control) and specific
siUSPS5 or siNC (negative control) for 48 hours. For the
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cell proliferation assay, transfected cells were plated in 96-
well plates (100 uL cell suspension; 5x10’ cells per well) and
cultured for 24, 48, and 72 hours. To examine cell viability,
cells were incubated with 10 pL of Cell Counting Kit-
8 (CCK-8) solution (Beyotime) for 1 hour before a plate
reader was used to measure the optical density (OD) at
450 nm. The relative cell viability was then analyzed. For
the colony formation assay, transfected cells were plated into
six-well plates at a density of 500 cells per well and cultured
for two weeks. To determine the number of cell colonies,
cells were subjected to fixing in 4% polyformaldehyde for
30 minutes, followed by staining with Giemsa solution
for 20 minutes. In another in vitro cell proliferation assay,
NSCLC cells were treated with WP1130 (28) or G9 (29),
a USP5 inhibitor, at various final concentrations (0, 2, 4, 6,
and 8 pM) for 24, 48, and 72 hours, and then subjected to
CCK-8 assay as described above.

Mouse xenograft study

Male BALB/c nude mice (4-5 weeks old, 16-18 g; Shanghai
SLAC Laboratory Animal Co., Ltd., Shanghai, China) were
injected subcutaneously with 1x10” A549 NSCLC cells
suspended in 0.2 mL of Matrigel (BD, San Diego, CA, USA)
and RPMI-1640 mixture (Volumeyy,yo: Volumegpyy 40 =1:1).
After the tumors had grown to about 100 mm’, the mice were
randomly allocated into two groups (six mice per group) and
then subjected to treatment. One group was intraperitoneally
injected with G9 at a dose of 15 mg/kg body weight in
dimethyl sulfoxide:polyethylene glycol 300: Tween-80:ddH,O
for 24 days (at 10-11 A.M.), and the other group was given
vehicle only (negative control). The body weights and tumor
volumes of the mice were monitored at designated intervals. At
the experiment’s end, the tumor-bearing mice were humanely
euthanized by continuous inhalation with 30% CO’ for
5 minutes. Mice with the absence of a heartbeat for 30 seconds
accompanied by no toe-pinch reflex were considered to be
dead. The xenograft tumors were then collected for further
evaluation. The mice were maintained in a specific pathogen-
free animal facility (dark/light cycle: 12 hours/12 hours) at
Soochow University (Suzhou, Jiangsu, China).

Tissue specimens

Paraffin-embedded tissue specimens including lung
adenocarcinoma (LUAD) tissues and normal lung tissues
were collected from individuals treated in the Department
of Pathology at the First Affiliated Hospital of Soochow
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University between January 1, 2020 and August 30, 2020.

IHC assay

All tissue section samples were first deparaffinized with
xylene and rehydrated with ethanol. Following antigen
retrieval, the sections were incubated with 10% normal
goat serum at 37 °C for 15 minutes. The sections were
incubated with anti-USP5 (1:100) or anti-CCND1 (Cat.
No. 2978 for IHC; 1:50) primary Ab at 4 °C overnight, and
then with HRP-conjugated goat anti-rabbit IgG (1:200)
secondary Ab. Finally, the sections were reacted with
diaminobenzidine and counterstained with hematoxylin.
The IHC-stained sections were assessed under a microscope
by two histopathologists, and the semi-quantitative IHC
scores of USP5 and CCNDI1 were recorded, ranging from
0 (minimum score) to 12 (maximum score) (30).

Ethical statement

All animal experiments were reviewed and approved by
the Review Board of Animal Care and Use of Soochow
University (Institutional Review Board No. 202008A619),
and were performed in compliance with its institutional
guidelines for the care and use of laboratory animals.
The human study has been conducted in accordance with
the Declaration of Helsinki and approved guidelines.
The research using human specimens was approved by
the Ethics Committee of the First Affiliated Hospital of
Soochow University (Institutional Review Board no. 2021-
036). Informed consent was taken from all the patients.

Statistical analysis

Comparisons between the control and experimental groups
were analyzed using Student’s 7-test, Kruskal-Wallis test,
or Log-rank test. SPSS20.0 (SPSS, Chicago, IL, USA) was
employed for all statistical analyses. A P value of less than
0.05 (*, P<0.05, **, P<0.01, and ***, P<0.001) was considered
significant.

Results

USPS stabilizes and upregulates CCND1 protein in
NSCLC cells

A previous report (22) on short hairpin RNA (shRINA) barcode
library screening showed that USP5 can upregulate the level
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of CCNDI1 protein in pancreatic cancer cells. Studies have
also shown that USP5 can powerfully deubiquitylate and
stabilize some proteins, such as FoxM1 STAT3 and c-Maf (24).
To determine whether USP5 can elevate CCND1 in such
a modulatory way, we first examined the effect of USPS5 on
CCNDI by co-transfecting the tool cell line HEK293T with
Flag-CCND1 and Myc-USP5 plasmids. We found that USP5
increased the protein level of CCND1 in a concentration-
dependent (Figure 14) and time-dependent (Figure 1B)
manner. We next examined the half-life of CCND1 protein in
the presence of USP5 and CHX, a specific inhibitor of protein
synthesis de novo. The CHX chase assay showed that USP5
markedly prolonged the half-life of CCND1 protein (P<0.001)
(Figure 1C,1D), extending it from less than 30 minutes to more
than 4 hours. To further examine whether this regulatory
effect of USP5 on CCNDI1 could also occur in NSCLC cells,
we analyzed the effect of USP5 overexpression or knockdown
on the protein levels of endogenous CCND1 in the A549 and
H1299 NSCLC cell lines. Interestingly, USP5 overexpression
remarkably increased the levels of CCND1 protein in NSCLC
cells (Figure 1E), whereas knockdown of USP5 using its specific
siRNA reduced the protein levels of CCND1 (Figure IF).
We further evaluated the association of the endogenous
expression of USP5 and CCND1 in a panel of NSCLC cell
lines. As shown in Figure 1G,1H, the protein level of CCND1
was positively correlated with USP5 expression in NSCLC
cells (P<0.01). Taken together, the above results indicate that
USPS is capable of upregulating CCND1 in NSCLC cells to
a great extent by increasing its protein stability.

USPS interacts with CCND1 and decreases its
polyubiquitination

Given that USPS5 is a deubiquitinating enzyme (24), we
wondered whether USP5 could directly interact with and
deubiquitinate CCND1 to stabilize CCND1 protein. To this
end, we subjected HEK293T cells to cotransfection with
Myc-USP5 and Flag-CCND1 plasmids followed by an IP/
IB assay. As shown in Figure 24, CCND1 (Flag) was present
in the anti-Myc (for Myc-USPS5 IP) immunoprecipitates.
In the reciprocal IP/IB assay, USP5 (Myc) was also
confirmed to be present in the anti-Flag (for Flag-CCND1
IP) immunoprecipitates (Figure 2B). Importantly, the
experiment could be recapitulated in NSCLC cells. As
shown in Figure 2C, endogenous CCND1 was detected
in the anti-Myc (for Myc-USP5 IP) immunoprecipitates
from both A549 and H1299 cell lysates, evidencing that
these two proteins, USP5 and CCND1, could directly
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bind with each other in NSCLC cells. Next, the CCND1
polyubiquitination level was measured in the presence of
USP5. As shown in Figure 2D, ectopic expression of USP5
markedly reduced the polyubiquitination level of CCND1
in HEK293T cells. Further, our gain- and loss-of-function
experiments demonstrated that overexpression of USP5
prevented endogenous CCND1 from polyubiquitinating
in NSCLC cells and increased the CCND1 protein level
(Figure 2E), whereas knockdown of USP5 produced the
opposite effect (Figure 2F). Collectively, these findings
indicate that USPS stabilizes CCND1 by directly binding
to CCND1 and decreasing its polyubiquitination level.

Knockdown of USPS impedes cell cycle transition in
NSCLC cells

Since CCNDI, as a member of the D-type cyclin subfamily,
is vital for cell cycle progression (9-11), we hypothesized that
the USP5-elicited regulatory effect on CCND1 expression
would affect cell cycle transition in NSCLC cells. To this
end, flow cytometry was used to analyze NSCLC cell cycle
distribution following USP5 knockdown. As shown in
Figure 34,3B, knockdown of USPS increased the proportions
of A549 and H1299 cells in the G1 phase (P<0.001 or <0.05).
Through its associations with CDK4 and CDK6, CCND1
has been shown to induce Rb phosphorylation (6,7,9), thereby
promoting cell cycle progression. Therefore, we next studied
the effects of USP5 on CCND1-CDK4/6-Rb signaling in
NSCLC cells. Our data revealed that USPS5 knockdown
did not change the expression level of CDK4 or CDK6 but
suppressed the phosphorylation level of Rb (Ser780), and was
accompanied by the downregulation of CCND1 (Figure 3C).
We also assessed the effects of USP5 on other close members
of the D-type cyclin subfamily, such as CCND2 and CCND3.
Our data showed that knockdown of USP5 decreased the level
of CCND1 but not that of CCND2 or CCND3 in NSCLC
cells (Figure 3C), which suggested that USP5-mediated
deubiquitylation and stabilization of D-type cyclins is specific
to CCND1. Collectively, these results showed that USP5
indeed reprograms NSCLC cell cycle progression, with its
knockdown arresting cell cycle transition.

USPS promotes NSCLC cell proliferation and colony
formation

Overexpression of CCNDI results in rapid cell growth
owing to the bypass of the key cell-cycle checkpoints (6-11).
To uncover whether USP5 can alter NSCLC cell growth by
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Figure 2 USP5 interacts with CCND1 and downregulates its polyubiquitination level. (A,B) Myc-USP5 or EV plasmid (1 pg) was
cotransfected with Flag-CCND1 or empty vector (EV) plasmid (1 pg) into HEK293T cells. After 24 hours of transfection, cells were
collected for lysate preparation. Equal amounts of proteins (200 pg) were first subjected to immunoprecipitation (IP) with 2 pg of ant-Myc (A)
or anti-Flag (B) antibody (Ab), and subsequent immunoblotting (IB) with the indicated Abs. (C) Direct protein-protein interaction between
Myc-USP5 and endogenous CCND1 was assessed in the non-small cell lung cancer (NSCLC) cell lines A549 and H1299. Myc-USP5 or
EV plasmid (1 pg) was transfected into A549 and H1299 cells for 48 hours. Cells were collected for lysate preparation. The cell lysates were
then subjected to IP with anti-Myc or normal rabbit IgG (negative control) Ab and subsequent IB with the indicated Abs. (D) Flag-CCND1
plasmid (1 pg) was cotransfected with Myc-USP5 and HA-Ub plasmids (1 pg/each), with EV and HA-Ub plasmids (1 pg/each), or with EV
plasmids (1 pg/each) into HEK293T cells for 24 hours. Cell lysates were then prepared for IP with anti-Flag Ab and subsequent IB analysis
of HA (anti-HA, 1:5,000) and Flag with indicated Abs. (E) NSCLC cell lines A549 and H1299 were transfected with Myc-USP5 or EV
plasmid (1 pg) for 48 hours. Cell lysates were prepared for IP with anti-CCND1 Ab followed by IB analysis of Ub (anti-Ub, 1:1,000) and
CCND1 with indicated Abs. (F) SiUSP5 or siNC (150 nM) was transfected into H1299 cells. After 48 hours, cell samples were prepared for

IP/IB as indicated above. IB analysis of input served as a positive control for all IP/IB assays.

stabilizing CCND1, the Myc-USP5 plasmid and its specific
siRNA were transfected into A549 and H1299 NSCLC cells
and cell proliferation assays were subsequently performed.
As shown by the CCK-8 assay, A549 and H1299 cell
proliferation was promoted by the overexpression of USP5
but impaired by its knockdown (Figure 3D,3E). The colony
formation assay further revealed that knockdown of USPS5
also markedly reduced the number of colonies formed, both

© Translational Lung Cancer Research. All rights reserved.

by A549 and H1299 cells (Figure 3F3@). These findings are
consistent with the effects of USP5 on CCND1 expression
and cell cycle arrest in NSCLC cells.

Inbibition of USPS activity suppresses NSCLC cell
proliferation in vitro and tumor growth in vivo

The above results showed that USP5 could promote NSCLC
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Figure 3 USP5 promotes cell cycle progression and proliferation in non-small cell lung cancer (NSCLC) cells. (A,B) A549 and H1299
cells were transfected with siUSP5 or siNC (150 nM) for 48 hours. Cell cycle phases were then analyzed by flow cytometry. Representative
images of flow cytometric cell cycle analysis (A) and the percentage of cells in each cell cycle phase distribution (B) are shown. G1 or S in
A549: G1, **, P<0.01 or S, ***, P<0.001; G1 or S in H1299: *, P<0.05, Student’s #-test. (C) In A549 and H1299 cells, the levels of proteins
involved in the CCND1-CDK4-Rb signaling pathway after knockdown of USP5 were assessed by immunoblotting (IB) assay using the
indicated antibodies (Abs) [primary Ab: anti-CCNDI, 1:1,000, anti-CCND?2, 1:1,000, anti-CCND3, 1:1,000, anti-CDK4, 1:1,000, anti-
CDKS, 1:1,000, anti-pRb (Ser780), 1:1,000, or anti-Rb, 1:1,000; secondary Ab: horseradish peroxidase-labeled goat anti-rabbit or anti-
mouse IgG, 1:2,000]. (D,E) Myc-USP5- and siUSP5-transfected A549 and H1299 cells along with the respective control cells were cultured
for different time periods (24-72 hours), and cell viability was then measured by Cell Counting Kit-8 assay. **, P<0.01 or ***, P<0.001
compared with their respective control at the same time point, Student’s #-test. (F,G) Colony formation assay was performed using siUSP5-
tranfected A549 and H1299 cells and their respective control cells. Representative images of colony formation assay (F) and the number of
colonies (G) are shown. *, P<0.05, **, P<0.01, or ***, P<0.001 compared with the respective control, Student’s 7-test.
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cell proliferation via upregulating the CCND1 protein level
through deubiquitylation and stabilization of CCNDI.
Therefore, we wondered whether USP5 could serve as
an effective therapeutic target for NSCLC that could be
pharmacologically targeted. To explore this idea, the USP5
chemical inhibitors WP1130 (28) and G9 (29) (Figure 4A4)
were utilized as therapeutic approaches to treating NSCLC.
As shown in Figure 4B, the effects of WP1130 and G9 in
suppressing the proliferation and viability of A549 and
H1299 NSCLC cells in vitro were closely comparable. In
line with the above finding that genetic inhibition of USP5
suppressed the level of CCNDI1 protein, chemical inhibition
of USPS5 activity using WP1130 and G9 also produced a
similar effect of downregulating the protein level of CCND1
in NSCLC cells (Figure 4C). As expected, neither WP1130
nor G9 affected the expression level of USP5 (Figure 4C).
We next explored whether chemical suppression of USP5
activity could inhibit NSCLC tumor growth in mice in vivo.
To this end, a human NSCLC xenograft model was established
by subcutaneously injecting athymic nude mice with A549
NSCLC cells and then subjecting them to treatment with G9,
which has better solubility and inhibitory activity against USP5
than does WP1130 (29). The growth of the A549 NSCLC
xenograft tumors was monitored before and after treatment. At
the end of the animal study, all mice were healthy and included
for analysis (n=6 in each group). The tumors in the G9-treated
group were significantly smaller than those in the vehicle-
treated group (Figure 4D-4F). The tumor weight also exhibited
a striking decrease in the G9-treated group in comparison with
the vehicle group (P<0.001) (Figure 4G). Most importantly,
the body weight of the G9 group was slightly decreased
compared to that of the vehicle group (Figure 4H), which is
consistent with a previous report (29). Biological analyses
further demonstrated that G9 did not alter the levels of alanine
aminotransferase (Figure 41), aspartate aminotransferase
(Figure 47), creatinine (Figure 4K), or urea (Figure 4L) in the
blood of the mice, indicating that treatment with 15 mgr/kg
of G9 was well tolerated. Our data showed that the inhibition
of USP5 activity with G9 also effectively suppressed NSCLC
tumor growth iz vive, with no significant toxicity. To further
evaluate the i vivo effect of G9 on the expression levels of
CCNDI1 and USP5 in the mouse tumors, all tumor tissues
were subjected to IHC assay and each was given a staining
score. As shown in Figure 4M,4N, the expression levels of
CCNDI1 protein were significantly reduced in the G9-
treated group (P<0.001), whereas the expression levels of
USP5 protein were virtually unaffected, suggesting that G9
did decrease expression level of CCNDI protein in vivo by
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suppressing USP5 activity. These results indicated that the
USP5-CCNDI axis could potentially be targeted in NSCLC
via pharmacological inhibition of USP5 activity.

USPS expression level shows a positive association with the
protein level of CCND1 in LUAD clinical tissues

To assess the expression level of USP5 in human NSCLC
clinical tissues, we first analyzed the data on USP5 mRINA
expression in 535 LUAD tissues and 59 normal lung
tissues from The Cancer Genome Atlas (TCGA) database.
As shown in Figure 5A, the levels of USP5 mRNA were
elevated in LUAD tissues (P<0.001). IHC staining of 76
LUAD tissues and 87 normal lung tissues was performed,
and LUAD patients included 34 males and 42 females with
an average age of 48.6 years. Our IHC analysis showed that
the levels of USP5 protein were also upregulated in LUAD
tissues (P<0.001) (Figure 5B,5C), which was consistent with
a previous report (23). Additionally, TCGA data (Figure 5D)
indicated that the expression levels of USP5 in stage IV
LUAD tissues were higher than those in stage I tissues
(P<0.01). To validate our NSCLC cell model data on the
association of USP5 with CCNDI1, we further extracted the
TCGA data on the CCND1 mRNA expression profile and
performed an IHC analysis of CCND1 protein expression
in LUAD and normal lung tissues using the same specimens
as above. Although no significant difference was found in
the mRINA expression levels of CCND1 between LUAD
and normal lung tissues (Figure SE), the CCND1 protein
levels in the LUAD tissues were significantly higher than
those in the normal lung tissues (Figure SF,5@G). Moreover,
clinical data confirmed that the expression level of USP5
was positively correlated with the protein level of CCND1
in LUAD tissues (P<0.01) (Figure H). The above results
also highlight that the USP5-elicited increase in the
stability of CCNDI1 protein is an important mechanism of
the upregulation of USP5 in NSCLC.

Correlation of the expression levels of USPS and CCND1
with the prognosis of LUAD patients

To further evaluate the prognosis significance of USP5
and CCNDI1 in LUAD, we analyzed the relationship
of the mRNA and protein expression levels of USPS5
and CCND1 with the OS of LUAD patients via TCGA
(UALCAN) and The Human Protein Atlas (THPA)
databases, respectively. UALCAN database (Figure 64)
showed that the mRNA level of USP5 was inversely
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Figure 4 Inhibition of USP5 activity suppresses non-small cell lung cancer (NSCLC) cell proliferation and xenograft tumor growth. (A)
The chemical structure of the USPS5 inhibitors, WP1130 and EOAI3402143 (G9). (B) Both WP1130 and G9 inhibited the cell viability
of A549 and H1299 cells in a concentration-dependent manner iz vitro. Representative data under 48 hours of treatment are shown. (C)
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Immunohistochemical (IHC) analysis of the protein levels of CCND1 and USP5 in tumor tissues. Representative IHC images (upper: x40;
lower: x200) (M) and scores (N) are shown. *, P<0.05; **, P<0.01; ***, P<0.001, Student’s z-test.

© Translational Lung Cancer Research. All rights reserved. Transl Lung Cancer Res 2021;10(10):3995-4011 | https://dx.doi.org/10.21037/tler-21-767



Translational Lung Cancer Research, Vol 10, No 10 October 2021 4005

A C D "
1201 il 12+ ol 801 o
c n
S 1004 104 o " °
2 & 601 o
5 80+ . g 8- @ °® -. [ ]
5 | L L @ g 'o:n' ugm bt A‘A
- Hs £ 5 41 o
E 401 3 4
& > 201
9 0] kgl 21 DB
0 ®ooo®® """Fm mun® &% .
L T T 0 0 T
Normal Tumor Nor'mal Tur'nor |I I'I 1] I{/
(n=59) (n=535) (n=87) (n=76) (n=246) (n=102) (n=71) (n=25)
B Normal ) e
USP5 : ,
E
800~

6004

400+

In‘.ﬁ'

Tunlwor
(n=535)

CCND1 mRNA expression
n

CCND1 score

o F N

I I 1
CCND1 score

o N S [>]

L L Il 1

Tumor USP5  0-4 58 91

Norlmal 2
(n=76) score  (n=22) (n=36) (n=18)

Nor'mal
(n=87)

(n=59)
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** P<0.01, Kruskal-Wallis test.

associated with the OS of LUAD patients (P<0.05). THPA
database (Figure 6B) also showed that higher level of
USP5 protein was related with shorter OS (P<0.001). In
addition, although the mRNA level of CCND1 exhibited
no correlation with LUAD patients’ OS (Figure 6C), the
protein level of CCNDI1 displayed a negative association

© Translational Lung Cancer Research. All rights reserved.

with it (P<0.05) (Figure 6D). These data demonstrates that
the expression levels of USPS5 (either mRNA or protein)
and CCND1 (only protein) are positively correlated with
poor prognosis of LUAD patients, suggesting that USP5-
CCND1 axis promotes the malignant progression and
leads to poor prognosis in NSCLC.
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Figure 6 The expression level of USP5 and CCND1 is a negative index for patient survival in lung adenocarcinoma (LUAD) tissues. (A)
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UALCAN database. (D) Correlation of the protein level of CCNDI with the prognosis of LUAD patients. ¥, P<0.05, Log-rank test. The

original data were obtained from THPA database. All patients were classified into two groups based on the mRINA or protein expression

level of USP5 or CCND1.

Discussion

Lung cancer is the leading cause of cancer-related death
worldwide (1). The prognosis for patients with late or
advanced NSCLC is extremely poor due to the absence of
effective treatment modalities. NSCLC is a heterogeneous
disease, the initiation and progression of which mainly
result from the overexpression/overactivation or mutation/
loss of function of multiple genes. However, the details
of the effects and mechanisms of these alteration genes,
especially the protein ubiquitination-associated genes,
are largely unknown. Given the broad functions of
ubiquitination modification in various biological events
and disorders including cancer (31,32), identifying the vital
ubiquitinases or deubiquitinases involved in lung cancer
progression and exploring their potential as therapeutic
targets are essential. In this context, we demonstrated that
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the deubiquitinase USP5 is capable of directly interacting
with and stabilizing CCND1, leading to the promotion of
NSCLC cell proliferation and growth.

Although the association of expression levels of USPS5
and CCND1 with the prognosis of NSCLC (LUAD)
patients needs to be further addressed after finishing follow-
up in survival data in our study, our analyses of UALCAN
and THPA databases demonstrated that both the mRNA
and protein levels of USP5, but only protein level of
CCNDI, show an inverse correlation with good prognosis
of LUAD patients. These data reveal that USP5 may be
a potential prognosis biomarker for NSCLC and USP5-
CCNDI1 axis is implicated in the malignant progression
and poor prognosis of NSCLC. It is well known that
dysregulated proliferation and metastasis are hallmarks of
cancer cells (33,34), which is accountable for malignant
features and poor prognosis of cancer patients. USPS
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has been found to promote the epithelial-mesenchymal
transition (EMT) and metastasis in NSCLC cells (35). Our
cell model data together with Xue’s data (35) have clarified
that USPS promotes the proliferation and metastatic
malignant biological behaviors of NSCLC cells, thus
providing a plausible explanation for the contribution of
high level of USPS5 to poor prognosis of NSCLC.

As a member of the USP family, USP5 has been found
to cleave both linear and branched ubiquitin polymers,
and regulates protein ubiquitination, stability, and function
(24,36). In line with these functions, a myriad of proteins
have been assigned to USPS5 as its deubiquitinating
substrates, including Forkhead box protein M1 (FoxM1) and
signal transducer and activator of transcription 3 (STAT3)
in pancreatic cancer (37,38), c-Maf in multiple myeloma
(26,39), Tu translation elongation factor (TUFM) in
colorectal cancer (40), Slug in hepatocellular carcinoma (41),
histone deacetylase 2 (HDAC2) in ovarian cancer (42),
HuR in bladder urothelial carcinoma (43), and v-myc
myelocytomatosis viral-related oncogene, neuroblastoma-
derived (avian) (MYCN) in neuroblastoma (44). More
recently, USP5 has been shown to deubiquitinate
phosphorylated methyltransferase-like 3 (METTL3) and
consequently stabilize it in extracellular signal-regulated
kinase (ERK)-activated human cancer cells, thereby
contributing to tumorigenesis (45). Accumulating evidence
suggests that USPS5 exhibits tumor-promoting effects in
various tumor types via deubiquitinating and stabilizing
oncoproteins (24).

The overexpression of the cell cycle regulator CCND1
as a result of gene amplification or post-transcriptional
mechanisms is extremely common in NSCLC, and it
represents a key driver marker of NSCLC progression
and a potential therapeutic target (9,10). Moreover,
CCNDL is associated with the OS rate of patients with
lung cancer (10,11). CCND1 is well controlled in cells and
dysregulation of its stability might contribute to altered
proliferation and survival of various cancer cells. Therefore,
a good understanding of CCND1 modulation will help to
inform the treatment of NSCLC. Previous studies have
shown that USPS5 increases the expression of CCNDI1 in
pancreatic cancer (22) and NSCLC (23). Research has also
shown that CCND1 is a substrate of USP family members
such as USP2a, USP10, and USP22 for the deubiquitination
and stabilization of CCND1 (19-21). It has been well
demonstrated that some important proteins might have
more deubiquitinases to modulate its function, especially
in specific biological or pathophysiological contexts. In
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the present study, we thus set out to examine whether
USP5 upregulates CCND1 in NSCLC cells through its
deubiquitinase activity.

As shown in our study, the level of USPS in NSCLC was
positively correlated with the expression level of CCND1
protein, which was consistent with the finding of previous
reports that ectopic expression of USP5 results in an
increase of CCND1 (22,23). Further, we found that USP5
could physically interact with and deubiquitinate CCNDI,
thereby stabilizing the protein level of CCNDI1 and
prolonging its half-life. Although the binding sites of USP5
and CCNDI1 need to be established, our present results
clarify that CCNDI is a bona-fide substrate for USP5, and
we have deciphered a novel deubiquitinating mechanism
for USP5-mediated upregulation of CCNDI. Our future
work will also focus on whether the USP5-directed
deubiquitination of CCNDI1 is dependent on GSK-3p-
mediated phosphorylation of CCND1 at T286 (16).
Notably, USP22 has been identified as a deubiquitinase of
CCND1 in NSCLC (21). Therefore, the contributions of
USP5 and USP22 to the deubiquitination and stabilization
of CCNDI1 protein in NSCLC still need to be further
addressed. Nonetheless, our data showed that genetic
manipulation of USP5 alone could modulate the CCND1
protein level in NSCLC cells in which USP22 was highly
expressed, indicating that two members of the USP family,
USP5 and USP22, can exert an additional effect in the
stabilization of CCND1 via similar or distinct mechanisms.
Previous studies have also found that upregulating USPS
facilitates the proliferation, EM'T, and metastasis of NSCLC
cells through the stabilization of B-catenin (23) and the
activation of B-catenin signaling (23,35). It is well known
that the transcription of CCNDI, a classic downstream
target of B-catenin, can be induced by the Wnt-B-catenin
signaling pathway (46,47). These findings suggest that
USP5 may also upregulate CCND1 in NSCLC cells at the
transcriptional level via activating Wnt-B-catenin signaling
through the stabilization of B-catenin. In any case, post-
translational regulation of CCNDI stability by USP5 to
upregulate CCND1 protein is of utmost importance to
USP5-elicited NSCLC progression.

Accumulating evidence implicates the ubiquitin
proteasome system as an extremely important player in
numerous types of cancer (48). In current clinical practice,
proteasomal inhibitors have achieved accumulating success
in the treatment of human cancers, especially multiple
myeloma (49). There are also some clinical trials currently
underway for the proteasome inhibitor bortezomib as
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a treatment for NSCLC (50-52). However, due to the
indispensability of proteasomes in maintaining important
cellular and biological activities, attention is increasingly
being paid to upstream events, especially in the regulation
of protein ubiquitination (49). Due to their diversity and
substrate specificity, deubiquitinases stand out as one of the
most promising targets (32). In fact, many deubiquitinase
inhibitors have been developed and tested in laboratory
and clinical trials for the treatment of various cancers (31).
Therefore, we were interested in evaluating the therapeutic
potential of deubiquitinase inhibitors such as WP1130 and
G9, which are small molecule compounds with activity
against USPS5, in the treatment of NSCLC. In the present
study, we found that both WP1130 and G9 displayed
marked activity in downregulating CCNDI1 protein and
suppressing NSCLC cell proliferation, which was consistent
with the inhibitory effect elicited by the knockdown of
USP5 expression. Furthermore, inhibition of USP5 activity
with G9 produced remarkable anti-NSCLC activity in vivo
and was well tolerated in the nude mouse NSCLC xenograft
model. Our observation indicated that pharmacological
inhibition of USPS5 activity might be a potential treatment
modality for NSCLC. However, human clinical trials
are needed to further test the safety and efficacy of this
treatment approach. If the treatment modality is approved
for clinical practice, USP5 may be a potential biomarker for
predicating efficacy of USPS5-targeted therapy in NSCLC.
Treatment with USPS5 inhibitor would produce therapeutic
benefits for NSCLC patients those have high USPS5
expression or activity.

So far, the upstream regulatory mechanism for USP5
expression is little reported. It has been shown that USP5
is a putative target of miR-125a; miR-125a inhibits the
malignancy via suppressing the expression of USPS5
in multiple myeloma (53). It has also been shown that
mesenchymal stem cells-derived exosome delivers miR-23a-
3p into lung epithelial cells and blocks lipopolysaccharide
(LPS)-induced acute lung injury via downregulating USP5 (a
target of miR-23a-3p) and inhibiting nuclear factor-xB (NF-
kB) and hedgehog signaling pathways (54). Interestingly,
circle RNA circHECTD1 as a competing endogenous
RNA (ceRNA) promotes gastric cancer progression via
upregulating USP5 through sponging miR-1256 (55). These
evidence implies that USP5 expression can be regulated via
a epigenetic post-transcriptional mechanism. Therefore,
whether the expression alteration of non-coding RNAs
(ncRNAs) is involved in upregulation of USP5 and activation
of USP5-CCND1 signaling axis in our NSCLC model needs

© Translational Lung Cancer Research. All rights reserved.

further investigation in future work. Additionally, CCND1-
directed CDK4/6 activation and Rb inactivation may release
E2 factor (E2F) transcriptional factor and then transactivate
a panel of its downstream genes to accelerate cell cycle
progression (6,7). Thus, the E2F-modulated downstream
targets elicited by USP5-CCND1-CDK4/6-Rb signaling
activation in our NSCLC model also need to be determined
in future, which would strengthen our conclusion.

In conclusion, this study has identified that CCND1
is a novel substrate of USP5. By decreasing CCND1
ubiquitination, USP5 stabilizes and upregulates its protein
level and consequently promotes NSCLC proliferation.
In contrast, genetic or chemical inhibition of USP5 leads
to CCNDI1 degradation, thereby resulting in decreased
NSCLC cell proliferation and tumor growth. Thus,
targeting of the USP5/CCNDI1 axis is a novel therapeutic
target for NSCLC.
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