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Abstract: The deubiquitinating enzyme USP14 has been identified and biochemically
studied, but its role in lung cancer remains to be elucidated. The aim of this study was to
evaluate the prognostic significance of USP14 in patients with lung adenocarcinoma and to
define its role in lung cancer cell proliferation. USP14 mRNA levels in different non-small
cell lung cancer (NSCLC) cell lines were detected by real-time qPCR. USP14 protein
levels in surgically resected samples from NSCLC patients, and in NSCLC cell lines, were
detected by immunohistochemistry or Western blot. The correlation of USP14 expression
with clinical characteristics and prognosis was determined by survival analysis. After
silencing USP14, cell proliferation was assessed by MTT assay and the cell cycle was
measured by FACS assay. It was found that USP14 expression was upregulated in NSCLC
cells, especially in adenocarcinoma cells. Over-expression of USP14 was associated with
shorter overall survival of patients. Downregulation of USP14 expression arrested the cell
cycle, which may be related to B-catenin degradation. Over-expression of USP14 was
associated with poor prognosis in NSCLC patients and promoted tumor cell proliferation,
which suggests that USP14 is a tumor-promoting factor and a promising therapeutic target
for NSCLC.
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1. Introduction

Lung cancer is one of the leading causes of cancer death in China and the USA [1-4]. It is also the
leading cause of cancer-related mortality worldwide, with nearly 1.4 million deaths each year, and
approximately 1.6 million new cases are diagnosed each year throughout the world [1]. The outcomes
for patients with all stages of lung cancer have made some improvements in recent years. The use of
systemic therapy in conjunction with local therapy has led to improved cure rates in both resectable
and unresectable patient groups [1]. Non-small cell lung cancer (NSCLC), which includes
adenocarcinoma, large cell carcinoma, bronchioloalveolar carcinoma, and squamous cell carcinoma,
accounts for nearly 85% of all cases of lung cancer and is the most common pathological type of lung
cancer [5,6]. The 5-year survival rate for NSCLC remains very poor worldwide [5]. Accordingly, it is
important to obtain a better understanding of the molecular biology of lung cancer in order to develop
more effective therapies.

Deubiquitinating enzymes (DUBs) function to remove covalently attached ubiquitin from proteins,
thereby controlling substrate activity and/or abundance [7]. The USP family of DUBs plays an
essential role in numerous cellular processes and signaling pathways [8—14]. Mammalian proteasomes
are associated with three important DUBs: RPN11, UCH37, and USP14 [8,10]. USP14 is essential for
life in eukaryotes and regulates many aspects of cell physiology. Studies have showed that USP14 can
inhibit the proteasome in vitro and it can also inhibit protein turnover in cells [8]. In mice, defective
USP14 results in ataxia and abnormal synaptic transmission [9] and USP14 is unique among those
known USPs in that it is activated catalytically upon specific association with the 26S proteasome [11].
However, an understanding of the role of USP14 in cancer biology is still very limited. To date, only a
few studies have implicated USP14 in cancer. Ishiwata, ef al., first found that the USP14 expression
was upregulated in leukemic cells in 2001 [15], Shinji ef al., found that the USP14 expression in
colorectal cancer is associated with liver and lymph node metastases in 2006, and Chuensumran, et al.,
found that USP14 expression is associated with intrahepatic cholangiocarcinoma cell differentiation in
2011 [16,17]. However, to the best of our knowledge, there is as yet no report demonstrating a role for
USP14 in lung adenocarcinoma.

Here we studied the expression and function of USPI14 in NSCLC, its relationship with
clinicopathological features, and its prognostic value for the survival of patients with lung
adenocarcinoma. Finally, we investigated the possible role of USP14 in lung cancer proliferation and
cell cycle regulation.

2. Results and Discussion
2.1. Expression of USP14 in Lung Adenocarcinoma Cell Lines

Expression of USP14 mRNA was assayed in 7 human NSCLC cell lines and the normal control
(human pulmonary epithelial cell line MRC-5). The level of USP14 mRNA was specifically
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upregulated in lung adenocarcinoma cell lines. Our data shows all the lung adenocarcinoma cells
(A549, LTEP-a-2 and SPC-A-1) exhibited 6-fold or more increased USP14 mRNA as compared to the
control, while the level of USP14 mRNA was unchanged in the other types of NSCLC cell lines
(Figure 1A). To further validate the above results, the protein levels of USP14 in these cell lines were
examined by Western blot assay; USP14 expression was consistently, upregulated in the lung
adenocarcinoma cell lines (Figure 1B).

Figure 1. Expression of USP14 in lung adenocarcinoma cell lines. (A) Real-time qPCR
analysis of USP14 mRNA expression in NSCLC cell lines using human pulmonary
epithelial cell line (MRC-5) as normal control. The results were normalized for the amount
of GAPDH serving as internal control; (B) Western blot analysis of USP14 protein
expression in the NSCLC cell lines. GAPDH expression served as internal control.
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2.2. Expression of USP14 in NSCLC Tumor Tissues

We first examined USP14 expression in 60 NSCLC tumor tissues and the matched tumor-adjacent
normal tissues by immunohistochemistry (IHC) staining. High USP14 expression was detected in the
malignant cells, while weak staining was observed throughout the matched normal control
(Figure 2A). Specifically, USP14 expression was observed in 90.0% of lung adenocarcinoma
specimens (27/30), 40.0% of the other types of NSCLC specimens (12/30), and 5.0% of the matched
normal control specimens (3/60). High levels of USP14 expression (score: ++ ~ +++) were detected in
the lung adenocarcinoma patients (17/30, 56.6%).

To further validate the IHC results, we also examined the mRNA levels of USPI4 in
30 lung adenocarcinoma tissues and the matched tumor-adjacent normal tissues using real-time qPCR
analysis. The result showed that USP14 was significantly increased in 26 of 30 adenocarcinoma tissues
compared with the matched adjacent normal tissues (Figure 2B), suggesting that USP14 may be an
important protein associated with the development of lung adenocarcinoma.
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Figure 2. Expression of USP14 in NSCLC tumor tissues. (A) Representative images of
USP14 immunohistochemistry staining in lung adenocarcinoma tissues and matched
normal adjacent tissues. Red Bar, 100 um; (B) Real-time qPCR analysis of USP14 mRNA
expression in 30 lung adenocarcinoma tissues.
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2.3. Correlation between USP14 Expression and Overall Survival in Lung Adenocarcinoma Patients

To evaluate the clinical significance of USP14 over-expression in lung adenocarcinoma, we
investigated whether the levels of USP14 expression were associated with overall survival in lung
adenocarcinoma. For the 30 lung adenocarcinoma patients, 22 had been followed-up for 3 years, and
3 cases were dropped. During the 3-year follow-up period, 10 out of 22 (45.5%) patients died as a
result of disease progression. Kaplan-Meier curves indicated that patients with high USP14 expression
(12 cases) had a significantly shorter overall survival (p < 0.05) than those with low USP14 expression
(10 cases) (Figure 3).
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Figure 3. Kaplan-Meier plot of overall survival in lung adenocarcinoma patients
post-operation according to the immunostaining results of USP14.
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2.4. Silencing USP14 Impaired Lung Adenocarcinoma Cell Proliferation Coupling with
[-Catenin Reduction

USP14 expression was higher in lung adenocarcinoma cell line A549, as shown in Figure 1.
Therefore, two GFP labeled USP14 shRNA lentiviruses (USP14-shRNA1 and USP14-shRNA2) were
transfected into the AS549 cells, and the gene transfer efficiency evaluated by green fluorescence
autograph was over 90% (Figure S1). The efficiency of USP14 silencing (nearly 80%) was assessed by
real-time qPCR and Western blot assay (Figure 4A,B).

We detected the OD value of A549 cells by MTT assay to generate cell growth curves. The
proliferation significantly decreased in the groups transfected with USP14 shRNA lentivirus at day 4
(p <0.05) and day 5 (p <0.01) (Figure 4C).

We further identified the role of USP14 in A549 cell cycle by FACS assay. The results
demonstrated that the cell number in S phase was significantly decreased (p < 0.05) and the cell
number in GO/G1 phase was significantly increased (p < 0.05) after transfection with USP14-shRNA
lentivirus (Figure 4D).

To further explore the mechanism of the shift in A549 cell cycle profile after USP14 silencing, we
used Western blot assay to investigate B-catenin, a key member in the Wnt pathway that promotes
proliferation in different types of tumors [18-23], and is controlled through ubiquitination [24-26].
Interestingly, we found B-catenin protein levels were sharply decreased in conjunction with USP14
silencing in A549 cells (Figure 4E).
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Figure 4. USP14 silencing impaired A549 cell proliferation coupling with p-catenin
reduction. (A) Real-time qPCR analysis of the knockdown wvalidity for USP14;
(B) Western blot analysis of the knockdown validity for USP14; (C) MTT assay of A549
cell growth curves after transfection with USP14-shRNA lentivirus; (D) FACS assay of
A549 cell cycle after transfection with USP14-shRNA lentivirus showed that: The cell
number in S phase was decreased (in shadow), and the cell number in GO/G1 phase was
significantly increased (in red); (E) Percent of cells in GO/G1, S and G2/M. Transfection
increased the percent of GO/G1 phase cells, and decreased the percent of S phase cells.
* p <0.05; (F) Western blot analysis of correlation between USP14 and B-catenin. All the
data was compared with the scramble control (* p <0.05, ** p <0.01).
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To date, only a few studies have implicated USP14 in cancer [15-17], and to the best of our
knowledge, this is perhaps the first report demonstrating the role of USP14 in lung adenocarcinoma.
Previous studies showed that USP14 protein and mRNA levels were dysregulated in patients with

more aggressive tumors of leukemia, colon cancer, and intrahepatic cholangiocarcinoma [15-17].
These papers are very important because they provide evidence that USP14 is implicated in cancer
biology. In our study, we detected USP14 by IHC, and further validated this result by Western blot,
and real-time qPCR assays. Our key finding has demonstrated that USP14 expression was specifically

upregulated both in lung adenocarcinoma cell lines and tumor tissues, and was significantly correlated
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with overall survival of lung adenocarcinoma patients. Our current research investigated the role of
USP14 in NSCLC, however further studies of USP14 on other tumor types may reveal that patients
with higher levels of USP14 (regardless of mRNA or protein and/or regardless of primary tumor type)
have poorer survival than patients with lower levels of USP14.

We further demonstrated that USP14 was important for cancer cell proliferation. Down-regulation
of USP14 expression by lentivirus in NSCLC cell line led to decreased cell growth and cell cycle arrest,
coupling with B-catenin degradation. These data suggested that USP14 might influence the biology of
tumor cells. Further research will be needed to determine whether the over-expression of USP14 is an
early or late event in lung tumorigenesis and the mechanism of over-expression. Another interesting
question is why over-expression of USP14 is specific for adenocarcinoma. We have presented data
suggesting that USP14 is upregulated in NSCLC and that it acts to increase cell growth and cell cycle.
Thus, pharmacological suppression of USP14 may represent a promising approach for NSCLC
treatment, especially for adenocarcinoma. Indeed, a selective small-molecule inhibitor of USP14 has
been indentified in 2010 and 2012 [8,10].

The aberrant over-expression of USP14 in NSCLC may make it a good candidate as a therapeutic
molecular target. Given that several studies have confirmed that USP14 can inhibit the proteasome
in vitro [8,27,28] and can inhibit protein turnover in cells [8] the investigation and development of
novel anticancer therapy based on inhibition of proteasome deubiquitinating activity or regulation of
protein turnover is indicated. To date, some synthetic inhibitors of proteasome deubiquitinating have
been made. In NSCLC, over-expression of USP14 appears to contribute to malignant progression, but
the actual purpose of USP14 remains unknown. USP15, which is related to USP14, has been shown to
play a role in SMAD signaling (29), and to stabilize the TGF-B receptor I and promote oncogenesis
through the activation of TGF-f signaling in glioblastoma [29,30]. Whether USP14 has similar
functions and whether it can regulate the TGF- pathway remains unclear and we plan to investigate
these issues in future studies.

3. Experimental Section
3.1. Patients

Surgical specimens from 60 NSCLC patients (these samples consisted of 30 squamous carcinomas
and 30 adenocarcinomas) and matched normal control adjacent lung tissues were obtained postoperatively
in 2008 from the Department of Respiratory Medicine, Changhai Hospital, Second Military Medical
University (Shanghai, China). All patients gave signed, informed consent for their tissues to be used
for scientific research. Ethical approval for the study was obtained from Changhai Hospital, Second
Military Medical University (Shanghai, China). All diagnoses were based on pathological and/or
cytological evidence. The histological features of the specimens were evaluated by senior pathologists
according to the World Health Organization classification criteria. Tissues were obtained before
chemotherapy and radiotherapy and were immediately frozen and stored at =80 °C prior to IHC and
real-time qPCR assay. For the 30 adenocarcinoma patients, 22 had been followed-up for 3 years,
including 10 deaths after operation (the other 8§ were lost during the follow-up), and complete clinical
data were electronically recorded.
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3.2. Cell Culture

Primary human 1 pulmonary epithelial cell line MRC-5, and human NSCLC cell lines (A549, H1299,
95D, LTEP-a-2, SPC-A-1, and SK-MES-1) were obtained from the Cell Bank of Chinese Academy of
Science (Shanghai, China) and cultured in DMEM medium (Hyclone, South Logan, UT, USA)
supplemented with 10% fetal bovine serum (Hyclone), 2 mM L-glutamine and 100 pg/mL
penicillin/streptomycin (Bio Light, Shanghai, China) as described in our previous studies [31].

3.3. Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction

RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. The cDNA synthesis and real-time qPCR was subsequently performed in
triplicate using the Qiagen system as described detail in our previous studies [31-34]. Relative mRNA
levels of USP14 were normalized to levels of the housekeeping gene GAPDH and calculated by the
272 method. The primers used are as follows: GAPDH (5'-CCATGTTCGTCATGGG-TGTGAACCA-3'
and 5-GCCAGTAGAGGCAGGGATGATGTTG-3') and USP14 (5'-GAGT-TGGACCTTT-CCAGA-3'
and 5'-TGCTTGCACAG-ATGTGA-3").

3.4. Western Blot

Western blot analysis was performed according to a published method [33-35]. In brief, BCA
Protein Assay Reagent Kit (Pierce, Rockford, IL, USA) was used to measure protein concentration.
Equal amounts of protein were separated by 12% SDS-PAGE and transferred to nitrocellulose
membranes (Schleicher and Schuell, Dassel, Germany). Blots were probed with antibodies specific for
human USP14 (1:1000 dilution, Sigma-Aldrich, St. Louis, MO, USA) and human B-catenin (1:1000
dilution, Santa Cruz, CA, USA). Immunoblots were developed using with anti-rabbit-HRP conjugated
secondary antibodies (Cell Signaling, Danvers, MA, USA). Supersignal West Femto Maximum
Sensitivity substrate (Pierce) was used for the chemiluminescent visualization of proteins.

3.5. Immunohistochemistry

IHC staining was described previously [36]. Briefly, 4-um thick sections were cut and anti-USP14
antibody (Sigma-Aldrich) was applied. Subsequent counterstaining was performed with hematoxylin.
Immunostaining results for USP14 were evaluated using a semi-quantitative scoring system as
described previously [37], which calculated the staining intensity and the percentage of positive cells.
IHC staining was scored according to the following criteria: —, 0%—10% of the nucleated cells stained,
+, 10%—-40% stained, ++; 40%—-70% stained and +++, 70%—-100% stained. USP14 expression was
considered to be observed when score > +. Alternatively, IHC score of USP14 expression was (— ~ +)
and (++ ~ +++), which represented low and high expression, respectively.

3.6. Cell Growth Assay

For cell growth assay, 500 cells per well were seeded in triplicate in a 96-well plate with complete
growth medium. Cells were counted over 5 days using the MTT assay (Promega, Fitchburg, WI, USA)
as described previously [34,38,39].
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3.7. Cell Cycle Assay

After different treatments, cells were labeled with propidium iodide (PI) provided by BIPEC
(Nanjing, Jiangsu, China), following the manufacturer’s instructions as described previously [33,40].
Samples were examined by FACS assay, and the results were analyzed using CellQuest software
(Becton Dickinson, Franklin Lakes, NJ, USA) as described previously [34,38—40].

3.8. Lentivirus Vectors

Generation of USP14 specific RNAi or scramble control lentivirus vectors was performed by
Shenggong Company (Shanghai, China). Cells were transfected with 1 mL of lentiviral supernatant
containing equal dose (4 x 10° PFU) for 2 h at a multiplicity of infection of 1:5, followed by incubation
for 2 h at 37 °C as described previously [41-43]. The gene transfer efficiency was evaluated by GFP
expression, which was detected by luminescence microscope (Leica, Berlin, Germany).

3.9. Statistical Analysis

Comparisons between experimental groups and relevant controls were performed by Student’s ¢ test
or ANOVA. Overall survival of patients was estimated by the Kaplan-Meier method, and the statistical
significance of the differences was compared by the log-rank test. All the statistical analyses
were performed with SPSS 16.0 (SPSS: Chicago, IL, USA, 2008) and p < 0.05 was considered
statistically significant.

4. Conclusions

In summary, we found that USP14 was over-expressed in NSCLC patients. USP14 promotes
NSCLC cell proliferation, which may be associated with B-catenin accumulation. The level of USP14
was significantly correlated with overall survival of lung adenocarcinoma patients. Further validation
with functional analysis of the protein in the context of human carcinogenesis may assist in the
development of novel therapeutic strategies for lung cancer.
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