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Abstract 

Increasing evidence has confirmed that deubiquitinating enzymes play an important role in lung cancer 
progression. In the current study, we investigated the expression profile of deubiquitinating enzymes in 
non-small cell lung cancer (NSCLC) tissues and identified OTUB2 as an upregulated deubiquitinating 
enzyme. The role of OTUB2 in NSCLC is unknown. 
Methods: Quantitative, real-time PCR and Western blot were used to detect OTUB2 and U2AF2 
expression in NSCLC tissues. The correlations between OTUB2 and U2AF2 expression and 
clinicopathologic features were then analyzed. We used In vitro Cell Counting Kit-8 (CCK-8) , colony 
formation , and trans-well invasion assays to investigate the function of OTUB2 and U2AF2 in 
tumorigenesis. The regulation of glycolysis by OTUB2 and U2AF2 was assessed by determining the 
extracellular acid ratio, glucose consumption, and lactate production. The mechanism of OTUB2 was 
explored through co-immunoprecipitation and mass spectrometry analyses. A xenograft model was also 
used to study the tumorigenesis role of OTUB2 In vivo.  
Results: OTUB2 expression was significantly upregulated in primary NSCLC tissues and greatly 
associated with metastasis, advanced tumor stages, poor survival, and recurrence. In NSCLC cell lines, 
OTUB2 promoted cell growth, colony formation, migration, and invasive activities. Mechanistic 
investigations showed that OTUB2 stimulated the Warburg effect and induced the activation of the 
serine/threonine kinase/mechanistic target of rapamycin kinase (AKT/mTOR) pathway in different 
NSCLC cells. More importantly, OTUB2 promoted NSCLC progression, which was largely dependent 
on the direct binding to and deubiquitination of U2AF2, at least in NSCLC cells. U2AF2 expression was 
also significantly upregulated in primary NSCLC tissues and dramatically associated with metastasis, 
advanced tumor stages, poor survival, and recurrence. Importantly, a positive correlation between the 
protein expression of OTUB2 and U2AF2 in NSCLC tissues was found. In vivo experiments indicated that 
OTUB2 promoted xenograft tumor growth of NSCLC cell. In addition, our results suggest that high 
expression of OTUB2, U2AF2 and PGK1 is significantly associated with worse prognosis in NSCLC 
patients.  
Conclusion: Taken together, the present study provides the first evidence that OTUB2 acts as a pivotal 
driver in NSCLC tumorigenesis by stabilizing U2AF2 and activating the AKT/mTOR pathway and the 
Warburg effect. It may serve as a new potential prognostic indicator and therapeutic target in NSCLC. 
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Introduction 
Lung cancer is the second most commonly 

diagnosed cancer after prostate cancer in men and 
breast cancer in women worldwide [1]. It is the 
leading cause (25%) of all cancer deaths, exceeding 
those of any other type of cancer in both men and 
women worldwide. Non-small cell lung cancer 
(NSCLC) accounts for approximately 85% histological 
types of lung cancer and mainly includes 
adenocarcinoma (AD) and squamous cell carcinoma 
(SCC) [2]. In contrast to the steady increase in survival 
observed for most cancer types, the 5-year relative 
survival rate of lung cancer advances slowly, 
remaining only at 18% [3]. Over the past decades, 
approximately 90% of patients diagnosed with 
NSCLC have died due to distant metastases rather 
than the primary tumor. Distant metastases are also 
primarily responsible for the failure of lung cancer 
prognosis and therapy [4, 5]. However, the 
mechanisms involved in lung cancer remain unclear. 

Protein post-translational modifications play 
vital roles in controlling the activity, interactions, 
subcellular location and stability of many proteins. 
The ubiquitin-proteasome system (UPS) is the main 
pathway of protein post-translational modifications 
and is mediated by E1, E2, and E3 ubiquitin ligases 
and deubiquitinating enzymes (DUBs). Protein 
ubiquitination-mediated degradation is a reversible 
process in which ubiquitin conjugation is mediated 
via the sequential activity of E1 ubiquitin-activating 
enzymes, E2 ubiquitin-conjugating enzymes, and E3 
ubiquitin ligases and catalyzes the ubiquitination of 
proteins to target them for proteasomal degradation. 
Ubiquitin removal from poly-ubiquitin chains is 
catalyzed by DUBs [6-8]. The human genome encodes 
at least 98 DUBs which are classified into 6 families 
based on sequence and structural similarity: ubiquitin 
carboxyl-terminal hydrolases (UCHs), ubiquitin- 
specific proteases (USPs), ovarian tumor-like 
proteases (OTUs), Josephins and JAB1/MPN/MOV34 
metalloenzymes (JAMMs), and motif interacting with 
ubiquitin-containing novel DUB family (MINDYs) [9]. 
A number of recent studies have revealed that the 
wide functional diversity of DUBs has a profound 
impact on the regulation of multiple biological 
processes, such as cell cycle regulation, DNA repair, 
chromatin remodeling and several signaling 
pathways that are frequently altered in cancer. Several 
DUBs, including USP16, USP3, USP22, and USP48, 
have been implicated in histone deubiquitination 
[10-12], while USP1, USP13, USP9X, and zinc finger 
containing ubiquitin peptidase 1 (ZUP1) have been 
implicated in the DNA damage response [13-16]. 
CYLD lysine 63 deubiquitinase (CYLD) and TNF 

alpha induced protein 3 (TNFAIP3) negatively 
regulate the nuclear factor kappa B (NF-κB) pathway; 
OTUD3 regulates phosphatase and tensin homolog 
(PTEN) stability and suppresses tumorigenesis; and 
OTU deubiquitinase 7B (OTUD7B) regulates 
mechanistic target of rapamycin kinase C2 (mTORC2) 
signaling pathways [17-19]. Although a large number 
of DUBs have recently been implicated in various 
tumorigenic progresses, the functions of DUBs in 
NSCLC are poorly understood. The limited 
understanding of the biological functions of DUBs in 
NSCLC led us to perform a dysregulated DUBs genes 
analysis in 83 paired NSCLC samples and adjacent 
noncancerous lung tissues (Gene Expression Omnibus 
[GEO] Submission: GSE75037) and identify oncogenic 
or tumor suppressor DUBs, thereby aiding in the 
elucidation of the biological functions of DUBs in 
NSCLC. 

In our study, OTUB2 was upregulated in lung 
cancer tissues and negatively associated with poor 
patient prognosis. OTUB2, described as a 
deubiquitylating enzyme, belongs to the ovarian 
tumor (OTU) superfamily of proteins that was first 
identified in an ovarian tumor gene from Drosophila 
melanogaster [20]. OTUB2 has a wide range of 
biological roles, including protecting against 
virus-induced activation of interferon regulatory 
factor 3 (IRF3) and NF-κB [21], promoting beta cell 
survival in human pancreatic islets [22], and 
supporting the DNA repair pathway [23, 24]. 
However, our knowledge of the function of OTUB2 in 
tumor development is limited. Here, we demonstrate, 
for the first time, that OTUB2 acts as a novel promoter 
of NSCLC by stabilizing U2 small nuclear 
ribonucleoprotein auxiliary factor 2 (U2AF2). It also 
activates the AKT/mTOR pathway and the Warburg 
effect and may serve as a new potential prognostic 
indicator and therapeutic target in NSCLC. 

Methods  
Cell culture 

Eight human NSCLC cell lines (PC-9, H1975, 
H838, A549, H1299, H292, H460, and 293T) were 
obtained from the American Tissue Culture Collection 
(ATCC) (Manassas, VA, USA). All cell lines were 
cultured according to ATCC protocols and 
supplemented with 10% fetal bovine serum (FBS) 
(Biowest, South America Origin, Nuaille, France), 100 
U/mL penicillin sodium, and 100 µg/mL 
streptomycin sulfate at 37 °C in a humidified 
incubator under 5% carbon dioxide. XL-2 and LC-21 
cells were established by our laboratory [25, 26]. Cells 
were used when they were in the logarithmic growth 
phase. These cell lines were mycoplasma-free and 
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authenticated by quality examinations of morphology 
and growth profile. 

Human NSCLC samples 
Seventy-three paired human NSCLC samples 

and their matched adjacent non-cancerous tissues 
from patients who had undergone surgery were 
obtained from the Department of Lung Cancer, 
Shanghai Chest Hospital, from 2011 to 2012. Human 
surgical tissues were immediately frozen in liquid 
nitrogen and stored at -80 °C refrigerator. The patients 
had not received chemotherapy, radiotherapy, 
hormone therapy or other related anti-tumor 
therapies before surgery. Institutional review board 
approval and written informed consent from each 
patient were obtained. 

RNA extraction and real-time polymerase 
chain reaction assay 

Total RNA samples were isolated from the 
NSCLC tissue specimens and cell lines in this study 
with TRIzol reagent (Invitrogen, California, USA) 
according to the manufacturer's protocol. cDNA 
synthesis was subsequently performed by the 
PrimeScript RT Reagent Kit (TaKaRa, Dalian, China) 
according to the manufacturer's protocol. Real-time 
polymerase chain reaction (qPCR) was performed 
using SYBR Green Premix Ex Taq (TaKaRa, Dalian, 
China) according to the manufacturer's protocol. See 
Table S1 for the primers used. β-actin was used as the 
internal control.  

Western blot 
All protein samples were isolated from the 

NSCLC tissue specimens and cell lines in this study 
using Tissue Protein Extraction Reagent (Thermo 
Fisher, Waltham, USA) with a cocktail of proteinase 
inhibitors and phosphatase inhibitors (Roche Applied 
Science, Indianapolis, USA). Protein concentration 
was measured by the bicinchoninic acid (BCA) 
Protein Assay Kit (Thermo Fisher, Waltham, USA). 
Protein lysates were separated by SDS-PAGE gel 
electrophoresis and transferred to Polyvinylidene 
Fluoride (PVDF) membrane (Millipore, 
Massachusetts, USA). After blocking with 5% 
skimmed milk, the membrane was probed with the 
primary antibodies and species-specific secondary 
antibodies. See Table S2 for the antibodies 
usedsiRNAs. 

siRNA oligonucleotides targeting OTUB2 and 
U2AF2 were designed and synthesized by RiboBio 
(Guangzhou, China). Cells were plated at 60-70% 
confluence in a 6-well plate and transfected with a 
scrambled siRNA or the indicated siRNA using 
Lipofectamine 2000 Reagent (Invitrogen, California, 
USA) according to the manufacturer's protocol. All 

siRNA oligonucleotides used are listed in Table S1. 

Lentivirus constructs 
Hemagglutinin-OTUB2 (HA-OTUB2) (ID: 

78990), OTUB2 mutant (HA-OTUB2C51S) with the 
depletion of carboxyl terminal (51–62aa), as well as 
Flag-U2AF2 (ID: 11338) were cloned into the lentiviral 
expression vector pWPXL. The plasmids expressing 
V5-ubiquitin were kindly provided by Dr Fanglin 
Zhang. Primers for PCR were designed to include 
BamHI and XhoI restriction sites. For virus 
production, 12 µg of the HA-OTUB2, HA-OTUB2C51S 

and Flag-U2AF2 plasmid, 9 µg of the packaging 
plasmid psPAX2 and 3.6 µg of the envelope plasmid 
pMD2.G were transfected into 293T cells cultured at 
80% confluence in a 100-mm dish using Lipofectamine 
2000 (Invitrogen, California, USA) according to the 
manufacturer's instructions. Viruses were harvested 
48 h after transfection and filtered through a 0.45-mm 
filter. Cells (1×105), including XL-2, H292 and 293T, 
were infected with 1×106 recombinant 
lentivirus-transducing units in the presence of 6 
µg/mL polybrene (Sigma-Aldrich, Saint Louis, 
Missouri, USA).  

Cell proliferation, migration and invasion 
assays 

In vitro proliferation of A549, H1299, XL-2, and 
H292 were measured using Cell Counting Kit-8 
(CCK-8) (Dojindo, Kumamoto, Japan). According to 
the manufacturer's instructions, all the cells were 
plated in triplicates in 96-well plates at 1.0×103 cells 
per well in a 200-µL volume. Cell migration and 
invasion assays were performed by Transwell filter 
chambers (BD Biosciences, New Jersey, USA). For 
migration assays, 5×104 A549 and H1299 cells or 1×105 
XL-2 and H292 cells in a 200-µL,serum-free culture 
medium were suspended into the upper chamber per 
well. For invasion assays, 1×105 A549 and H1299 cells 
or 2×105 XL-2 and H292 cells in a 200-µL,serum-free 
culture medium were placed into the upper chamber 
per well with a Matrigel-coated membrane diluted 
with serum-free culture medium. An 800-µL culture 
medium supplemented with 10% FBS was added in 
the lower chamber. After incubation at 37 °C in a 
humidified incubator under 5% carbon dioxide , the 
cells in the bottom surface of the membrane were 
fixed with 100% methanol, stained with 0.1% crystal 
violet for 30 min, and counted under a light 
microscope.  

Wound-healing assays 
For cell motility assay, all the lung cancer cell 

lines were seeded in six-well plates to reach 90% 
confluence. A single scratch wound was created using 
a 200-µL pipette tip, and the cell debris was removed 
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by washing with PBS and replaced with culture 
medium (1% FBS). The images were immediately 
photographed at 0 h, 24 h or 48 h after wounding. The 
wound sizes were measured by Magnetic Resonance 
Imaging (MRI) Wound Healing Tool in Image J. 

ECAR and OCR 
The Seahorse XF96 Flux Analyzer (Seahorse 

Bioscience, Billerica, Massachusetts, USA) was used to 
measure the oxygen consumption rate (OCR) and 
extracellular acidification rate (ECAR) in lung cancer 
cells according to the manufacturer's instructions. 
Approximately 1×105 A549, H1299, XL-2, and H292 
cells per well were seeded into an XF96-well plate and 
attached overnight. For the assessment of ECAR, cells 
were incubated with non-buffered RPMI 1640 under 
basal conditions followed by a sequential injection of 
10 mM glucose, 1 mM mitochondrial poison 
(oligomycin, Sigma-Aldrich, Saint Louis, Missouri, 
USA) and 80 mM glycolysis inhibitor 
(2-deoxyglucose, 2-DG, Sigma-Aldrich). OCR was 
assessed under basal conditions and after sequential 
injection of 1 μM oligomycin, 1 μM fluoro-carbonyl 
cyanide phenylhydrazone (FCCP) and 2 mM 
antimycin A and rotenone (Sigma-Aldrich, Saint 
Louis, Missouri, USA). Both ECAR and OCR 
measurements were normalized to total protein 
content. 

Measurement of glucose and lactate 
Glucose consumption was measured using a 

glucose assay kit (Sigma-Aldrich, Saint Louis, 
Missouri, USA) according to the manufacturer's 
instructions. NSCLC cells were seeded into a 6-well 
plate. The culture medium was collected to measure 
glucose and lactate concentrations, and cells were 
harvested to obtain protein lysates. For the glucose 
consumption of NSCLC cells, the following solutions 
were pipetted into the appropriately marked test tube: 
reagent blank (1 mL water), standard (0.95 mL water 
+ 0.05 mL glucose standard), and test (1 mL sample). 
At time zero, the reaction was started by adding 2 mL 
of assay reagent to the first tube and mixing. A 30-60 s 
interval was allowed between additions of the assay 
reagent to each subsequent tube. Each tube was 
allowed to react for exactly 30 min at 37 °C. The 
reaction was stopped at 30–60 s intervals by adding 2 
mL of 12 N H2SO4 into each tube. Each tube was 
carefully mixed. The absorbance of each tube was 
measured against the reagent blank at 540 nm. 
Glucose consumption was calculated by deducting 
the measured glucose concentration in the medium 
from the original glucose concentration. Lactate 
production was determined by using the Lactate 
Assay Kit (Sigma-Aldrich, Saint Louis, Missouri, 

USA) according to the manufacturer's instructions. 
Briefly, 50 µL of the master reaction mix (46 µL lactate 
assay buffer + 2 µL lactate enzyme mix + 2 µL lactate 
probe) was added to each well. The reaction was 
mixed well by pipetting and incubating for 30 min at 
room temperature. The plate was protected from light 
during the incubation. For colorimetric assays, the 
absorbance at 570 nm (A570) was measured. The 
results were normalized to the total protein 
concentration of each sample. All experiments were 
performed in triplicate and repeated three times. 

Co-immunoprecipitation and mass 
spectrometry 

Cells were harvested using immunoprecipitation 
(IP) lysis buffer (Beyotime Institute of Biotechnology, 
Shanghai, China) with a cocktail of proteinase 
inhibitors (Roche Applied Science, Switzerland). Total 
protein (up to 3 mg) was incubated with 30 µL of 
protein A/G immunoprecipitate magnetic beads 
(Millipore, Massachusetts, USA) to reduce 
non-specific binding for 2 h. The beads were removed 
and 12 µL of the primary antibody (OTUB2, U2AF2) 
or isotype IgG was added to the supernatant at 4 °C 
on a rocking platform overnight. A total of 40 µL of 
protein A/G beads was then added to each 
immunoprecipitation mixture for 4 h. The 
immunoprecipitates were collected by a magnetic 
separator and washed three times with the cooled IP 
lysis buffer. The lysis buffer was subsequently 
removed. Then, 40 µL of 2 × loading buffer was added 
to the agarose, boiled for 10 min and subjected to 
Western blot analysis. EasyBlot anti-rabbit 
(GTX221666-01) IgG (GeneTex, California, USA), 
which is a horseradish peroxidase (HRP)-conjugated 
secondary antibody, were employed to avoid the 
interference from heavy and light chains of antibodies 
in IP assays. Hemagglutinin (HA) Affinity Gel 
(Sigma-Aldrich, Saint Louis, Missouri, USA, A2220) 
was used to immunoprecipitate HA-tagged proteins. 
Bound proteins were separated by SDS-PAGE and 
stained with the Silver Staining Kit (Beyotime 
Biotechnology, Shanghai, China). The specific bands 
were identified and the peptides were digested with 
trypsin. The peptides were then analyzed on an 
Orbitrap Fusion mass spectrometer (Thermo Fisher, 
Waltham, USA). Protein identification was performed 
by ProteinPilot 4.1 (AB Sciex, Texas, USA). 

In vitro deubiquitination assay 
Ub-V5 conjugated U2AF2-Flag was purified 

from HEK293T cells with anti-Flag M2 Affinity Gel 
(Sigma-Aldrich, Saint Louis, Missouri, USA). The 
protein complexes containing HA tagged wild-type 
OTUB2 or the C51S mutant type of OTUB2 were 
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purified from HEK293T cells with anti-HA Affinity 
Gel (Sigma-Alrich). UB-HA-U2AF2 and the OTUB2 
protein complexes were incubated for 1 h at 37 °C in 
the reaction buffer (50 mM Tris pH 7.5, 10 mM MgCl2, 
1 mM DTT, 100 mM NaCl, 1 mM ATP). After the 
reaction, the U2AF2-Flag protein was purified and 
immunoblotted with antibodies against V5. 

Xenograft model  
Five-week-old BALB/c-nu/nu nude male mice 

were used for our animal studies, and all animals 
were maintained in specific-pathogen-free (SPF) 
conditions. The mice were subcutaneously injected 
with 3×106 XL-2 cells which had been infected with 
virus expressing either stable OTUB2 overexpression 
or empty vector (8 per group). Tumor volumes were 
measured at the indicated time intervals. The 
tumor-bearing mice were sacrificed 24 days after 
inoculation, and the tumors were removed for further 
study. Tumor volume was calculated as follows: V 
(volume) = (length × width2)/2. All experiments were 
subject to approval by the Animal Care and Use 
Committee of Shanghai Cancer Institute. 

Statistical analysis 
The data were compiled and analyzed using 

SPSS 16.0 (IBM, New York, USA).  Two-tailed 
Student’s t-test and one-way ANOVA were used for 
comparisons between two groups and between more 
than two groups, respectively. Survival curves were 
calculated using the Kaplan–Meier method and 
analyzed by the log-rank test. Correlations of OTUB2 
and U2AF2 expression with categorical, clinical 
variables in NSCLC were evaluated using the Fisher's 
exact test. Correlations between OTUB2 and U2AF2 
were analyzed using the Spearman’s correlation test. 
Values of P < 0.05 were considered statistically 
significant. Data are presented as the mean ± SEM 
from one representative experiment of three 
independent experiments, and every representative 
experiment was repeated three times.  

Results 
OTUB2 is upregulated in NSCLC and is 
associated with patient prognosis  

To identify the deubiquitinating enzymes 
driving NSCLC progression, we compared 
dysregulated genes in 83 paired NSCLC samples with 
adjacent noncancerous lung tissues (GEO Submission: 
GSE75037) and detected five upregulated 
deubiquitinating enzymes (USP49, JOSD2, OTUB1, 
USP48 and OTUB2) in lung cancer tissues (Figure 1A 
and Figure S1A). Next, Kaplan-Meier’s survival 
analysis was performed to examine the expression of 

five deubiquitinating enzymes in 117 NSCLC patients 
(GEO Submission: GSE13213) and revealed that the 
higher expression of OTUB1 and OTUB2 was 
significantly associated with poor patient prognosis 
(Figure S1B-E and Figure 1E). OTUB1 promotes 
cancer cell invasion and tumorigenesis in various 
human cancers [27-30], while the role of OTUB2 in 
cancer progression remains unknown. 

To assess the underlying role of OTUB2 in 
NSCLC, we analyzed OTUB2 mRNA expression in 73 
paired NSCLC samples and adjacent noncancerous 
lung tissues by real-time PCR. OTUB2 expression was 
significantly increased in clinical NSCLC samples 
compared to their corresponding noncancerous lung 
tissues (Figure 1B and Table 1). Clinical association 
studies found that OTUB2 expression was 
significantly associated with lymph node and distal 
metastasis (P=0.0330) as well as advanced tumor node 
metastases (TNM) stages (P=0.0335) (Figure 1C-D and 
Table 1). By comparing OTUB2 expression between 
NSCLC patients with and without relapse, we found 
that OTUB2 was increased in relapsed patients 
(Figure 1F). In addition, the TIMER database 
(http://cistrome.org/timer) showed that OTUB2 was 
upregulated in various human cancers (Figure S1F). 
Taken together, these findings suggest that OTUB2 
could serve as an effective predictor of malignant 
progression in NSCLC. 

 

Table 1. Correlation between OTUB2 levels in NSCLC patients 
and their clinicopathologic characteristics. 

Clinicopathologic 
parameters 

Number of 
cases 
 

Median expression  of 
OTUB2 

 

Mean±SD P-value 
Age (year)    
    ≤60 31  0.00010 ± 0.00002 0.8423 
    >60 42  0.00010 ± 0.00002  
Gender    
    Male 44  0.00011 ± 0.00002 0.2593 
    Female 29  0.00007 ± 0.00002  
Tumor size(cm)    
    ≤3 28  0.00007 ± 0.00002 0.1448 
    >3 45  0.00012 ± 0.00002  
TNM stage    
  Stage I + II 35  0.00007 ± 0.00001    0.0335* 
  Stage III+IV  38  0.00016 ±0.00002  
Metastasis    
  No 35  0.00007 ± 0.00002 0.0330* 
  Yes 38  0.00013 ± 0.00003  
Carcinoma    
NSCLC 73  0.00003 ± 0.00005 < 0.0001*** 
Adjacent Lung 73  0.00010 ± 0.00002  
Pathologic 
classification 

   

Adenocarcinoma 57  0.00010 ± 0.00002 0.9754 
Squamous carcinoma 16  0.00010 ± 0.00003  
NSCLC: non-small cell lung cancer; TNM: tumor nodemetastases 
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Figure 1. OTUB2 is upregulated in NSCLC and is associated with patient prognosis. (A) The levels of OTUB2 in 83 paired NSCLC tissues. (B) Real-time 
PCR analysis to quantify the levels of OTUB2 in 73 paired NSCLC tissues. (C) Real-time PCR analysis to quantify the levels of OTUB2 in NSCLC tissues with or 
without metastasis (lymph node metastasis and/or distal metastasis). (D) Real-time PCR analysis to quantify the levels of OTUB2 in patients with clinical early-stage 
(I-II) and advanced-stage (III-IV) NSCLC. (E) Correlation between OTUB2 levels and overall survival and (F) levels of OTUB2 in non-relapsed and relapsed lung 
cancer tissues. Statistical analysis was performed using Student’s t-test in C, D and F; paired t-test in B; and Kaplan-Meier analyses in E. Error bars represent the SEM. 

 

OTUB2 exerts tumor-stimulative functions of 
NSCLC cells  

The mRNA and protein levels of OTUB2 were 
detected in NSCLC cell lines (Figure 2A-B). To 
investigate the functional roles of OTUB2 in NSCLC 
progression, we knocked down endogenous OTUB2 
via two independent siRNAs in A549 and H1299 cells 
and established stable cell lines (HA-OTUB2) via 
lentiviral infection in XL-2 and H292 cells (Figure 2C 
and Figure S2A). Knockdown of OTUB2 significantly 
inhibited the proliferation and colony formation 
abilities of NSCLC cells compared with control cells 
(Figure 2D, F), whereas overexpression of OTUB2 
substantially promoted the proliferation and colony 
formation abilities of NSCLC cells compared with 
control cells (Figure 2E, G). Moreover, knockdown of 
OTUB2 significantly suppressed the invasion and 
migration abilities of A549 and H1299 cells (Figure 
2H). In contrast, stable overexpression of OTUB2 
significantly increased the invasion and migratory 
abilities of XL-2 and H292 cells (Figure 2I). Similarly, 
knockdown of OTUB2 suppressed migration rates 
compared with the controls in A549 and H1299 cells 
(Figure S2B), and stable overexpression of OTUB2 
enhanced the migration rates of XL-2 and H292 cells 
(Figure S2C). Taken together, these results 
demonstrate that OTUB2 acts as an important tumor 
promoter in NSCLC cells. 

OTUB2 enhances the Warburg effect via the 
AKT/mTOR pathway 

Cancer cells exhibit aberrant metabolism 
characterized by high glycolysis, even in the presence 
of abundant oxygen. This phenomenon, known as the 
Warburg effect or aerobic glycolysis, facilitates tumor 
growth with elevated glucose uptake and lactate 
production [31, 32]. To gain insight into the 
underlying mechanism of OTUB2 in NSCLC cells, we 
measured extracellular acidification rates (ECAR), 
which is indicative of glycolysis, in NSCLC cell lines. 
Knockdown of OTUB2 reduced the glycolytic 
capability of A549 and H1299 cells (Figure 3A-B). 
Consistent with this result, knockdown of OTUB2 led 
to a marked decrease in glucose uptake and 
extracellular lactate production in A549 and H299 
cells (Figure 3E). Conversely, OTUB2 overexpression 
substantially enhanced glycolytic capability, glucose 
uptake and extracellular lactate production in XL-2 
and H292 cells (Figure 3C-D, F). Meanwhile, we 
measured oxygen consumption rates (OCR), which is 
indicative of mitochondrial oxidative 
phosphorylation. OTUB2 overexpression had no 
impact on mitochondrial oxidative phosphorylation 
(Figure S3A-B). Western blot analysis confirmed the 
expression of 11 glycolysis-related enzymes (GLUT1, 
HK2, GPI, PFKL, ALDOA, GAPDH, PGK1, PGAM1, 
ENO1, PKM2, and LDHA) (Figure 3G). OTUB2 did 
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not markedly alter the expression of most glycolytic 
enzymes except for HK2, PFKL, PGK1, and PGAM1. 
Decreased expression of OTUB2 downregulated the 
expression of PGK1 and PGAM1 in both A549 and 
H1299 cells and downregulated the expression of 

HK2 and PFKL in A549 cells only. Overexpression of 
OTUB2 upregulated the expression of PFKL and 
PGK1 in H292 cells and upregulated the expression of 
HK2, PFKL, PGK1, and PGAM1 in XL-2 cells (Figure 
3H and Figure S3C-E). 

 

 
Figure 2. OTUB2 increases NSCLC cell proliferation, colony formation, migration and invasion in vitro. (A) OTUB2 was measured in different 
NSCLC cells by real-time PCR. (B) OTUB2 was measured in different NSCLC cells by Western blot. (C) OTUB2 was measured by Western blot in H292 and XL-2 
cells stably expressing HA-OTUB2 and in A549 and H1299 cells transfected with two independent OTUB2 siRNAs. (D) CCK-8 assays in A549 and H1299 cells 
transfected with two independent OTUB2 siRNAs. (E) CCK-8 assays in stably expressing HA-OTUB2 XL-2 and H292 cells. (F) Colony formation assays in A549 and 
H1299 cells transfected with two independent OTUB2 siRNAs (magnification, ×40). (G) Colony formation assays in stably expressing HA-OTUB2 XL-2 and H292 
cells (magnification, ×40). (H) Transwell migration and invasion assays in A549 and H1299 cells transfected with two independent OTUB2 siRNAs (magnification, 
×200). (I) Transwell migration and invasion assays in stably expressing HA-OTUB2 XL-2 and H292 cells (magnification, ×200). Statistical analysis was performed using 
Student’s t-test. Error bars represent the SEM. *P<0.05; ** P<0.01; *** P<0.001. 
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Figure 3. OTUB2 facilitates NSCLC cell survival by modulating the Warburg effect. (A-B) Extracellular acid ratio (ECAR) in A549 and H1299 cells 
transfected with OTUB2 siRNAs (left panel). Glc: glucose; O: oligomycin; 2-DG:2-deoxyglucose. A histogram of ECAR result is shown (right panel). (C-D) 
Extracellular acid ratio (ECAR) in stably expressing HA-OTUB2 XL-2 and H292 cells (left panel). A histogram of ECAR result is shown (right panel). (E) Glucose 
consumption and lactate production in A549 and H1299 cells transfected with OTUB2 siRNAs. (F) Glucose consumption and lactate production in stably expressing 
HA-OTUB2 XL-2 and H292 cells. (G) Schematic diagram of the aerobic glycolysis pathway. (H) Protein levels of aerobic glycolysis enzymes, c-Myc, HIF1a, and 
phosphorylated and total mTOR and AKT following knockdown or overexpression of OTUB2. Statistical analysis was performed using Student’s t-test. Error bars 
represent the SEM. *P<0.05; ** P<0.01; *** P<0.001. 

 
 c-Myc and HIF1a are two crucial factors 

involved in the regulation of the Warburg effect by 
targeting glycolytic enzymes [33, 34]. OTUB2 may 
stimulate the Warburg effect by regulating HIF1a and 
c-Myc in NSCLC cells. To address this hypothesis, we 

first determined whether OTUB2 regulated HIF1a and 
c-Myc expression. OTUB2 knockdown remarkably 
decreased both HIF1a and c-Myc protein levels in 
NSCLC cells. Conversely, overexpression of OTUB2 
substantially increased both HIF1a and c-Myc protein 
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levels in NSCLC cells (Figure 3H and Figure S3C-E). 
Collectively, these data indicate that OTUB2 promotes 
the Warburg effect by modulating HIF1a and c-Myc. 
We also examined the activity of mTOR signaling, 
which is influenced by intracellular fuel and energy 
status [35]. The phosphorylation levels of mTOR and 
AKT were increased, indicating that the mTOR 
pathway may be activated by OTUB2 (Figure 3H and 
Figure S3C-E). These data indicate that OTUB2 is a 
key regulator of the Warburg effect in NSCLC cells. 

OTUB2 stabilizes U2AF2 in NSCLC cells 
Cancer metabolism is regulated by a complicated 

network constituted of different means under various 
contexts instead of a straightforward single pathway 
operation [36]. Indeed, while we demonstrated that 
OTUB2 regulated PGK1, PGAM1, c-Myc, and HIF1a, 
we did not observe a direct interplay between these 
proteins. Next, to elucidate the underlying 
mechanism by which OTUB2 promotes NSCLC 
progression, a co-immunoprecipitation assay using 
antibodies against HA was performed in both 293T 
cells transfected with HA-tagged OTUB2 and control 
cells. The results revealed two specific bands at 
approximately 60 kD and 45 kD (Figure 4A and Table 
S3). After protein identification by mass 
spectrometry, five proteins (RPL3, TRIM21, PTBP1, 
RCC2, and U2AF2) were chosen for further 
verification based on their unique peptides (>4) and 
location in the nucleus (https://www.uniprot.org/ 
uniprot). To assess the interactions between these 
proteins, we performed immunoprecipitation and 
Western blot analyses, and the results revealed that 
only U2 small nuclear RNA auxiliary factor 2 (U2AF2, 
also called U2AF65) co-immunoprecipitated with 
OTUB2 protein in HA-OTUB2-293T cells (Figure 4B 
and Figure S4A). The interaction between OTUB2 and 
U2AF2 was verified by co-immunoprecipitation 
assays in HA-OTUB2-H292 cells (Figure 4B). In 
addition, immunoprecipitation assays using an 
antibody against endogenous OTUB2 revealed 
endogenous interactions between OTUB2 and U2AF2 
(Figure 4C). Furthermore, the interaction between 
endogenous OTUB2 and U2AF2 was demonstrated by 
co-immunoprecipitation using an antibody against 
endogenous U2AF2 in A549 and H1299 cells (Figure 
4D). These results indicate that OTUB2 specifically 
interacts with U2AF2 in NSCLC cells. 

It is unclear whether OTUB2, as a 
deubiquitinating enzyme, regulates U2AF2 
ubiquitination. We first examined the mRNA and 
protein levels of U2AF2 following OTUB2 
knockdown or overexpression in MG132-treated 
NSCLC cell lines wherein global proteasomal activity 
was inhibited. Knockdown of OTUB2 significantly 

inhibited the U2AF2 protein levels in A549 and H1299 
cells (Figure 4E) but had no impact on U2AF2 mRNA 
levels (Figure S4B). Overexpression of OTUB2 
substantially increased the U2AF2 protein levels in 
XL-2 and H292 cells (Figure 4F). To verify whether 
OTUB2 stabilizes U2AF2 protein, we examined the 
effect of both OTUB2 depletion and overexpression on 
the stability of endogenous U2AF2 protein in the 
presence of the protein synthesis inhibitor, 
cycloheximide (CHX). The half-life of U2AF2 protein 
was markedly reduced in OTUB2-knockdown cells 
compared to control cells in A549 and H1299 cells. 
Consistently, OTUB2 overexpression in XL-2 and 
H292 cells increased the half-life of U2AF2 protein in 
the presence of CHX (Figure 4G). These data 
collectively suggest that OTUB2 interacts with and 
stabilizes U2AF2 in NSCLC cells. Next, we 
determined which types of polyubiquitin 
modifications on U2AF2 protein are affected by 
OTUB2-mediated deubiquitination. 
Immunoprecipitation and Western blot analyses were 
performed with the U2AF2 antibody. OTUB2 
knockdown significantly enhanced the levels of 
U2AF2 ubiquitination and K48-linked polyubiquitin 
chains in H1299 cells, whereas OTUB2 overexpression 
significantly reduced the levels of U2AF2 
ubiquitination and K48-linked polyubiquitin chains in 
XL-2 cells (Figure 4H). The approach did not have an 
appreciable impact on the levels of K63-linked 
polyubiquitin-modified chains (Figure S4C). To 
identify whether OTUB2 deubiquitinated U2AF2 
directly, we established HA-OTUB2C51S, a mutant that 
is defective in DUB activity [23]. We incubated 
ubiquitinated U2AF2, purified from 293T cells,with 
either OTUB2 or OTUB2C51S,purified separately from 
293T cells In vitro. Ubiquitinated U2AF2 was 
decreased by OTUB2 but not OTUB2C51S (Figure 4I). 
This finding led us to hypothesize that OTUB2 
directly interacts with and deubiquitinates U2AF2.  

U2AF2, a direct target of OTUB2, is essential 
for OTUB2-mediated NSCLC progression 

To investigate the functional roles of U2AF2 in 
OTUB2-mediated NSCLC progression, we knocked 
down endogenous U2AF2 via two independent 
siRNAs in A549 and H1299 cells (Figure 5A and 
Figure S5A). Similar effects were observed between 
OTUB2 and U2AF2 in NSCLC cells. Knockdown of 
U2AF2 significantly inhibited the proliferation, 
migration, and invasion abilities of A549 and H299 
cells (Figure 5B-D). In addition, silencing U2AF2 
significantly reduced glycolytic capability, glucose 
uptake, and extracellular lactate production in A549 
and H299 cells (Figure 5E-G). Moreover, knockdown 
of U2AF2 showed markedly reduced PGK1, PGAM1, 
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HIF1a, c-Myc, p-AKT, and p-mTOR protein levels 
compared with control cells, but knockdown of 
U2AF2 showed markedly reduced PFKL levels in 
A549 cells only (Figure 5H and Figure S5B-C). 
Importantly, knockdown of U2AF2 rescued the 
promoting effect of OTUB2 on H292 cell migration 
and invasion (Figure S5D-E). In addition, the TIMER 

database (http://cistrome.org/timer) also showed 
that U2AF2 was increased in various human cancers 
(Figure S6A). Taken together, these results 
demonstrate that OTUB2 regulates proliferation, 
migration, invasion, and glycolysis in NSCLC cells via 
U2AF2. 

 

 
Figure 4. OTUB2 physically interacts with and stabilizes U2AF2 in NSCLC cells. (A) The HA-OTUB2 vector was transfected into HEK293T cells, and 
anti-HA was used to immunoprecipitate OTUB2-binding proteins. After silver staining, the 45 kD and 60 kD OTUB2-specific bands (arrows) were excised and 
analyzed by mass spectrometry. (B) Immunoprecipitation was carried out using an anti-HA antibody, and specific associations between U2AF2 and OTUB2 were 
analyzed by Western blotting in HEK293T and H292 cells transfected with plasmids encoding HA-tagged OTUB2. (C) Interaction between transfected HA-OTUB2 
and endogenous U2AF2. Lysates from XL-2 and H292 cells expressing HA-OTUB2 were subjected to immunoprecipitation/Western blot analysis using anti-OTUB2. 
(D) Interaction between endogenous OTUB2 and U2AF2. Lysates from A549 and H1299 cells were subjected to immunoprecipitation/Western blot analysis using 
anti-OTUB2. (E) Western blotting was used to detect U2AF2 in A549 and H1299 cells transfected with OTUB2 siRNAs. (F), Western blotting was used to detect 
U2AF2 in stably expressing HA-OTUB2 XL-2 and H292 cells. (G) A549 and H1299 cells transfected with OTUB2 siRNAs and control siRNA. XL-2 and H292 cells 
with or without stable expression of HA-OTUB2 were treated with CHX (100 µg/ml) for the indicated time points. The cell lysates were examined by 
immunoblotting (left panel). A plot of the normalized amount of U2AF2 protein is shown (right panel). The quantification of U2AF2 levels relative to β-actin is shown. 
(H) H1299 cells with OTUB2 knockdown and XL-2 cells overexpressing HA-OTUB2. Different forms of ubiquitin were treated with MG132 (10 μM) for 20 h. Cell 
lysates were immunoprecipitated using control IgG or a U2AF2 antibody and then immunoblotted for ubiquitin and K48-ubiquitin. (I) In vitro ubiquitination assay. 
Purified V5-ubiquitin, Flag-U2AF2 was incubated with HA-OTUB2 or HA-OTUB2C51S for 1 h in the reaction buffer. After the reaction, Flag-U2AF2 proteins were 
further purified with anti-Flag antibody and immunoblotted with antibodies against V5 and Flag. Statistical analysis was performed by one-way ANOVA. Error bars 
represent the SEM. *P<0.05; ** P<0.01; ***P<0.001. 
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Figure 5. U2AF2 is the functional downstream target of OTUB2 in NSCLC. (A) Immunoblotting for U2AF2 protein levels in A549 and H1299 cells 
transfected with two independent U2AF2 siRNAs. (B) CCK-8 assays in A549 and H1299 cells transfected with U2AF2 siRNAs. (C) Colony formation assays in A549 
and H1299 cells transfected with U2AF2 siRNAs. (D) Transwell migration and invasion assays in A549 and H1299 cells transfected with U2AF2 siRNAs (magnification, 
×200). (E-F) ECAR in A549 and H1299 cells transfected with U2AF2 siRNAs (left panel). A histogram of ECAR result is shown (right panel). (G) Glucose 
consumption and lactate production in A549 and H1299 cells transfected with U2AF2 siRNAs. (H) Protein levels of aerobic glycolysis enzymes, c-Myc, HIF1a, and 
phosphorylated and total mTOR and AKT in A549 and H1299 cells transfected with U2AF2 siRNAs. β-actin served as the internal control. Statistical analysis was 
performed using Student’s t-test. Error bars represent the SEM. *P<0.05; ** P<0.01; ***P<0.001. 

 

U2AF2 is upregulated in NSCLCs and 
correlates with OTUB2 levels 

To further delineate whether OTUB2-mediated 
regulation of U2AF2 expression is clinically relevant 
to human NSCLC development, we compared U2AF2 
expression in 83 paired NSCLC samples and detected 
U2AF2 was upregulated in lung cancer tissues (GEO 
Submission: GSE75037) (Figure 6A). Real-time PCR 

analysis was employed to confirm elevated U2AF2 
expression in 73 NSCLCs compared with their 
adjacent non-tumor tissues (Figure 6B and Table 2). 
Clinical association studies have found that U2AF2 
expression was significantly associated with lymph 
node and distal metastasis (P<0.001), advanced TNM 
stages (P=0.0014), and larger tumor size (P=0.0280) 
(Figure 6C-E and Table 2). Importantly, 
Kaplan-Meier’s survival analysis showed that U2AF2 
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expression negatively correlated with overall survival 
(OS) in 293 NSCLC patients (GEO Submission: 
GSE30219), but not in 117 NSCLC patients (GEO 
Submission: GSE13213) (Figure 6F and Figure S6B). 
By comparing U2AF2 expression between NSCLC 
patients with and without relapse, we found that 
U2AF2 was increased in relapsed patients in both 
GSE30219 and GSE13213 (Figure 6G and Figure S6C). 
In addition, Western blot analyses showed elevated 
OTUB2 and U2AF2 protein expression in 30 NSCLCs 

compared with their adjacent non-tumor tissues 
(Figure 6H-J). Importantly, a positive correlation 
between OTUB2 and U2AF2 was found (P<0.001 by 
Spearman’s correlation test; Figure 6K). An additional 
paired chi square test was performed to prove the 
positive correlation between OTUB2 and U2AF2 
(Table S4). These results suggest that U2AF2 plays an 
important role in OTUB2-mediated NSCLC 
progression. 

 

 
Figure 6. U2AF2 is upregulated in NSCLCs and correlates with OTUB2 levels. (A) The levels of U2AF2 in 83 paired NSCLC tissues. (B) Real-time PCR 
analysis to quantify the levels of U2AF2 in 73 paired NSCLC tissues. (C) Real-time PCR analysis to quantify the levels of U2AF2 in NSCLC tissues with or without 
metastasis (lymph node metastasis and/or distal metastasis). (D) Real-time PCR analysis to quantify the levels of U2AF2 in patients with clinical early-stage (I-II) and 
advanced-stage (III -IV) NSCLC. (E) Real-time PCR analysis to quantify the levels of U2AF2 in patients with tumor volume (≤3) and (>3). (F) Correlation between 
U2AF2 levels and overall survival in 284 lung cancer patients. (G) Levels of U2AF2 in non-relapsed and relapsed lung cancer tissues in 284 lung cancer patients. (H) 
Photos of representative blots for OTUB2 and U2AF2 expression in 30 pairs of lung cancer and noncancerous tissues. (I) Fold changes in OTUB2 expression in 30 
paired NSCLC tissues. (J) Foldchanges in U2AF2 expression in 30 paired NSCLC tissues. (K) Correlation between OTUB2 and U2AF2 expression in NSCLC 
samples. β-actin was used as a loading control. Statistical analysis was performed using Student’s t-test in C, D, E and G; paired t-test in B; Kaplan-Meier analyses in 
F; and Spearman’s correlation test in K. Error bars represent the SEM. *P<0.05; ** P<0.01; ***P<0.001. 
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OTUB2 promotes xenograft tumor growth of 
NSCLC cell via stabilizing U2AF2 and 
enhancing the Warburg effect In vivo 

To further investigate the effect of OTUB2 on 
tumor growth In vivo, XL-2 cells with stable OTUB2 
overexpression (OTUB2 group) and control XL-2 cells 
(vector group) were transplanted into nude mice 
subcutaneously. The size and weight of the tumors 
formed by XL-2 cells with stable OTUB2 
overexpression were significantly increased in 
comparison with the tumors formed by control XL-2 
cells (Figure 7A-C). We further performed Western 
blot to detect the protein expression of 11 
glycolysis-related enzymes, as well as U2AF2, HIF1a, 
c-Myc, mTOR, AKT, p-mTOR and p-AKT in xenograft 
tumor tissues. Compared with the tumors formed by 
control XL-2 cells, the tumors formed by XL-2 cells 
with stable OTUB2 overexpression showed markedly 
increased U2AF2, GLUT1, HK2, PGK1, PGAM1, 
HIF1a, c-Myc, p-AKT, and p-mTOR protein levels. 
These results are similar to the In vitro results (Figure 
7D-E). However, overexpression of OTUB2 showed a 
decrease in GAPDH and GPI levels. This 
phenomenon, inconsistent with In vitro experiments, 
may be due to the differences between In vitro and In 
vivo experiments. Taken together, these results 
indicate that OTUB2 promotes xenograft tumor 

growth of NSCLC cells by stabilizing U2AF2 and 
enhancing the Warburg effect In vivo.  

 

Table 2. Correlation between U2AF2 levels in NSCLC patients 
and their clinicopathologic characteristics 

Clinicopathologic  
parameters 

Number of 
cases 
 

Median expression  of 
U2AF2 

 

  Mean±SD   P-value    
Age (year)    
    ≤60 31 0.0308 ± 0.0029 0.9603 
    >60 42 0.0306 ± 0.0030  
Gender    
    Male 44 0.0301 ± 0.0027 0.7121 
    Female 29 0.0317 ± 0.0033  
Tumor size(cm)    
    ≤3 28  0.0249 ± 0.0027 0.0259* 
    >3 45  0.0343 ± 0.0028  
TNM stage    
  Stage I + II 35 0.0240 ± 0.0021 0.0014** 
  Stage III+IV  38 0.0369 ± 0.0032  
Metastasis    
  No 35 0.0222 ± 0.0020 < 0.0001*** 
  Yes 38 0.0386 ± 0.0031  
Carcinoma    
NSCLC 73 0.0307 ± 0.0021 < 0.0001*** 
Adjacent Lung 73 0.0177 ± 0.0013  
Pathologic 
classification 

   

Adenocarcinoma 57 0.0030 ± 0.0041 0.8254 
Squamous carcinoma 16 0.0031 ± 0.0024  
NSCLC: non-small cell lung cancer; TNM: tumor nodemetastases 

 

 
Figure 7. OTUB2 promotes xenograft tumor growth of NSCLC cell via stabilizing U2AF2 and enhancing the Warburg effect in vivo. (A). The 
xenograft tumors formed by OTUB2-overexpressed and control vector in XL-2 cells. (B-C) The size and weight of the xenograft tumors formed by 
OTUB2-overexpressed and control cells. (D) Protein levels of aerobic glycolysis enzymes, U2AF2, c-Myc, HIF1a, and phosphorylated and total mTOR and AKT in 
tumors formed by OTUB2-overexpressed and control cells. β-actin served as the internal control. (E) A histogram of Western blot result is shown. Statistical 
analysis was performed using Student’s t-test. Error bars represent the SEM. *P<0.05; ** P<0.01; ***P<0.001. 
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Figure 8. A combination of OTUB2, U2AF2 and PGK1 serves as a powerful prognostic factor for NSCLC patients. (A-B) Real-time PCR analyses of 
aerobic glycolysis enzymes expression in A549 and H1299 cells transfected with two independent OTUB2 and U2AF2 siRNAs. (C) Correlation between OTUB2 and 
PGK1 mRNA expression in 117 lung cancer patients. (D) Kaplan-Meier’s survival analysis of the correlation between U2AF2 and PGK1 mRNA expression in 117 lung 
cancer patients (E) Kaplan-Meier’s survival analysis of the correlation between PGK1 levels and overall survival in 117 lung cancer patients. (F) Kaplan-Meier’s survival 
analysis of the correlation between the combination of OTUB2 and U2AF2 expression levels and overall survival in 117 lung cancer patients. (G) Kaplan-Meier’s 
survival analysis of the correlation between the combination of OTUB2 and PGK1 expression levels and overall survival in 117 lung cancer patients. (H) 
Kaplan-Meier’s survival analysis of the correlation between the combination of OTUB2, U2AF2 and PGK1 expression levels and overall survival in 117 lung cancer 
patients. Statistical analysis was performed using Student’s t-test in A and B; Kaplan-Meier analyses in E-H; and Spearman’s correlation test in C and D. Error bars 
represent the SEM. *P<0.05; ** P<0.01; ***P<0.001. 

 

High expression of OTUB2, U2AF2 and PGK1 
is significantly associated with worse prognosis 
in NSCLC patients  

Compared to control cells, the knockdown of 
OTUB2 and U2AF2 showed significantly reduced  
mRNA expression of PGK1 and PGAM1 in A549 and 
H1299 cells, especially PGK1 by real-time PCR (Figure 
8A-B). Further, we determined whether mRNA 
expression of PGK1 levels is associated with OTUB2 
and U2AF2 levels in 117 NSCLC tissues. Increased 
OTUB2 and U2AF2 expression was positively 
correlated with PGK1 expression in NSCLC tissues 
(Figure 8C-D). Importantly, a univariate analysis 
showed that PGK1 expression negatively correlated 
with OS in 117 NSCLC patients (P < 0.001; Figure 8E). 
We also analyzed the prognostic value of combining 

OTUB2 and U2AF2, OTUB2 and PGK1, as well as 
OTUB2, U2AF2 and PGK1 levels in 117 NSCLC 
patients. As expected, OTUB2-U2AF2-high and 
OTUB2-PGK1-high patients had the worst OS, 
whereas OTUB2-U2AF2-low and OTUB2-PGK1-low 
patients had a better OS (P=0.0125; Figure 8F and 
P=0.0019; Figure 8G, respectively). Additionally,  
OTUB2-U2AF2-PGK1-high patients showed the worst 
OS, whereas OTUB2-U2AF2-PGK1-low patients had 
the best OS (P < 0.001; Figure 8H). OTUB2, U2AF2, 
and PGK1 that exhibited significant differences in a 
univariate analysis were included in a multivariate 
analysis. The Cox proportional hazards model 
showed a trend that OTUB2 (χ2 =2.911, Risk Ratio = 
1.306), U2AF2 (χ2 = 1.601, Risk Ratio = 1.319) and 
PGK1 (χ2 = 1.668, Risk Ratio = 1.551) were 
independent prognostic variables in NSCLC patients. 
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Because the sample size is too small, it is not 
statistically significant. 

Discussion 
Increasing evidence has confirmed that 

deubiquitinating enzymes play an important role in 
lung cancer progression. Our initial study first 
uncovered that OTUB2 is an oncogenic 
deubiquitinating enzyme in NSCLC cells. Moreover, 
we provided mechanistic insights into OTUB2 as an 
oncogenic AKT/mTOR pathway activator and a 
critical regulator of the Warburg effect via its 
interaction with U2AF2, thereby preventing its 
ubiquitination. 

In the present study, we focused on OTUB2, 
which was significantly upregulated in NSCLC tissue 
samples compared with the corresponding 
non-cancerous tissues. Furthermore, high levels of 
OTUB2 in NSCLC tissues were associated with tumor 
metastasis and advanced TNM stages. We also 
confirmed that OTUB2 enhanced the proliferation, 
migration, and invasion abilities of NSCLC cells In 
vitro. These findings indicate that OTUB2 acts as a 
tumor promoter in carcinogenesis.  

Cancer cells frequently display increased aerobic 
glycolysis, or the Warburg effect, which contributes to 
the aggressive traits of tumor cells by providing 
energy, including enhanced growth ability, increased 
metastatic capacity, and chemoresistance [32]. As 
expected, we verified that OTUB2 overexpression 
increased ECAR, glucose uptake, and lactate 
production, while knockdown of OTUB2 impaired the 
aerobic glycolytic phenotype in different NSCLC cell 
lines. There are 11 glycolysis-related genes in the 
glycolytic pathway [37]. We further found that 
OTUB2 regulates the expression of many glycolytic 
enzymes, such as PGK1 and PGAM1. PGK1, the first 
ATP-generating enzyme of the glycolytic pathway, 
catalyzes the transfer of high-energy phosphate from 
position 1 of 1,3- diphosphoglycerate (1,3-BPG) to 
ADP, which leads to the generation of 
3-phosphoglycerate (3-PG) and ATP [38]. Moreover, 
PGAM1 catalyzes the conversion of 
3-phosphoglycerate (3-PG) to 2-phosphoglycerate 
(2-PG) during glycolysis. PGK1 and PGAM1 are 
dysregulated in many cancers and modulate cancer 
cell proliferation, apoptosis and/or metastasis in 
NSCLC cells [39-46]. To our surprise, we also 
observed changes in HK2 and PFKL in A549, H292 
and XL-2 cells, but not in H1299 cells.  No change in 
PGAM1 was observed in H292 cells. Due to the 
complexity and heterogeneity of tumor cells, we 
speculate that the regulation of glycolysis-related 
enzymes by OTUB2 may not be identical in all NSCLC 
cell lines. Moreover, it was very intriguing for us to 

show that OTUB2 promoted the protein expression of 
HIF1a and c-Myc and induced activation of the 
AKT/mTOR pathway. c-Myc and HIF1a are two 
crucial factors involved in the regulation of the 
Warburg effect by targeting glycolytic enzymes [31, 
47-49]. The AKT/mTOR signaling pathway serves as 
a central regulator of cell metabolism, growth, 
proliferation, and survival [50]. Taken together, the 
present study demonstrated that OTUB2 facilitates 
the Warburg effect and partially explains the role of 
this oncogenic protein in NSCLC cells. 

Mechanistically, we compared the proteins that 
bind to OTUB2, which led to the discovery of U2AF2 
as a target of OTUB2 in NSCLC cells. OTUB2 was also 
observed to bind to and deubiquitinate TRAF3, 
TRAF6, and L3MBTL1 [21, 51, 52]. Our data provide 
ample evidence to demonstrate that OTUB2 binds to 
U2AF2, efficiently deubiquitinating it by removing 
the K-48 polyubiquitin chains and protecting it from 
proteasomal degradation. The protein level of U2AF2 
was notably decreased and its ubiquitination was 
significantly increased when OTUB2 was knocked 
down. In contrast, when OTUB2 was overexpressed 
in NSCLC cells, U2AF2 was upregulated and its 
ubiquitination was significantly decreased. Of note, 
U2AF2 deubiquitination by OTUB2 is important for 
U2AF2 stabilization. However, the molecular details 
of its regulation remain to be defined. One approach, 
using point mutants of these proteins that specifically 
disrupt the U2AF2/OTUB2 interaction, may deepen 
our understanding of the OTUB2 regulation of 
U2AF2. Designing such mutants is currently difficult 
owing to the lack of structural insights into the 
interaction but warrants future studies. 

Precursor messenger RNA (pre-mRNA) splicing 
is a key post-transcriptional process in which intronic 
sequences are excised and exonic sequences are 
ligated together to form mature messenger RNA 
(mRNA). In humans, more than 90% of genes 
undergo alternative splicing, underscoring the 
fundamental importance of this regulatory process in 
expanding protein diversity [53-55]. The 
misregulation of alternative splicing is closely 
associated with various human diseases, including 
cancers [56-58]. U2AF2, also called U2AF65, has been 
implicated as a key regulator required for binding U2 
small nuclear ribonucleoproteins (snRNP) to 
pre-mRNA in alternative splicing [59-62]. U2AF2 is 
also elevated in lung cancer and the highly metastatic 
hepatocellular carcinoma cell line. Overexpression of 
U2AF2 correlated with adverse OS and relapse-free 
survival (RFS) as well as T cell-infiltrating human 
colon cancer [63-65]. Our current findings suggest that 
OTUB2 promotes NSCLC progression, which is 
largely dependent on U2AF2, at least in NSCLC cells. 
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Several lines of evidence support this notion. First, 
knockdown of U2AF2 significantly reduced the 
proliferation, migration, and invasion abilities of 
NSCLC cells. Second, knockdown of U2AF2 reduced 
glycolytic capability, glucose uptake, and extracellular 
lactate production. Third, knockdown of U2AF2 
reduced the protein levels of HIF1a, c-Myc, p-AKT, 
p-mTOR, PGK1, and PGAM1.  Knockdown of U2AF2, 
however, did not reduce the expression of HK2 and 
PFKL. Thus, we cannot exclude the possibility that 
other proteins regulated by OTUB2 may also regulate 
the expression of glycolysis-related enzymes. Fourth, 
U2AF2 expression was positively correlated with 
cancer progression and negatively correlated with 
survival in NSCLC tissues. Importantly, a positive 
correlation between the protein expression of OTUB2 
and U2AF2 was found in NSCLC tissues. , In fact, it 
has been revealed that U2AF2 is essential for the 
OTUB2-mediated Warburg effect and NSCLC 
progression. The molecular mechanisms of U2AF2 in 
alternative splicing in NSCLC remain unclear, 
however. It would be interesting to investigate the 
mechanisms by which U2AF2 exerts its stimulative 
effects on NSCLC in future studies.  

In this study, we offer the first evidence that the 
OTUB2/U2AF2 axis is upregulated in cancer, which 
correlates with poor prognosis in NSCLC patients. We 
also indicate a causal role for the OTUB2/U2AF2 axis 
in NSCLC progression (Figure 9). The current 
findings shed some light on the relationships between 
deubiquitination, RNA splicing machinery and 
glucose metabolism pathway to elucidate how 
NSCLC cells utilize glucose to promote their growth 
and migration. Further studies will likely lead to a 
new strategy for cancer therapy.  

 

 
Figure 9. A proposed model underlying the OTUB2/U2AF2 axis as an 
activator of the Warburg effect and tumorigenesis in NSCLC cells. 
The working model shows that OTUB2 exerts its oncogenic activity by 
interacting with and stabilizing U2AF2, thereby upregulating glycolysis-related 
proteins and activating AKT/mTOR signaling in NSCLC cells. 
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