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Introduction

Abstract

Background: Our previous study showed that SUMOL1 expression is closely
related to progression in non-small cell lung cancer (NSCLC); however, the func-
tion of SUMOL1 in NSCLC has not yet been well elucidated.

Methods: SUMOI was enhanced or silenced in two NSCLC cell lines by using
either forced SUMOI expression or short hairpin RNA against SUMO1 lentiviral
vectors, respectively. The biological functions of SUMO1 in NSCLC were investi-
gated through colony-formation, cell proliferation, and invasion assays, and cell
cycle analysis. NF-kB expression was detected in the overexpressed and silenced
SUMOL cell lines. Immunohistochemistry was used to detect an association
between SUMO1 and NF-kB in the cancer and adjacent tissues of 168 patients
with lung cancer.

Results: Overexpressed SUMO1 promoted the proliferation rate, colony forma-
tion ability, invasion, and NF-kB expression in an A549 cell line. Conversely,
SUMOIL depletion inhibited the cell growth rate, colony formation ability, inva-
sion, and NF-kB expression in a Calu-1 cell line. SUMOI expression was signifi-
cantly correlated with NF-«kB expression in lung adenocarcinoma and squamous
carcinoma patients (r > 0.5, P < 0.001).

Conclusion: Our results provide evidence that SUMO1 promotes the prolifera-
tion and invasion of NSCLC cells by regulating NF-xB.

modifications.* A newly discovered oncogene, SUMOI is a

Lung cancer has the highest incidence and mortality of all
malignant tumors worldwide."> Non-small cell lung cancer
(NSCLC) accounts for approximately 80% of lung cancer cases.
Despite comprehensive treatment strategies, including surgery,
radiotherapy, and targeted therapy, the survival rate remains
low.? Therefore, the identification of effective molecular targets
influencing tumor proliferation and resistance to chemotherapy
are urgently required to improve lung cancer treatment.
SUMO1, a member of the ubiquitin-like protein family, is
reported to play a critical role in post-translational

key regulator of tumor proliferation, especially in glioblas-
toma.’ In breast’ ovarian’ and liver cancers, and other
tumors,® relevant studies have shown that the SUMOI gene
could activate the tumor cell epithelial-to-mesenchymal transi-
tion (EMT) process via the NF-kB signaling pathway.”'® Our
prior study indicated that SUMOI overexpression is signifi-
cantly associated with the grade of tumor differentiation, path-
ological tumor node metastasis (pTNM) stage, and lymphatic
metastasis in NSCLC."" However, the exact role of SUMOLI in
driving NSCLC cell carcinogenesis remains unclear.
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In this study, we investigated the biological function and
mechanism of SUMOI in NSCLC cells. Stable overexpres-
sion and knockdown SUMOL cell lines were constructed,
respectively. Immunohistochemistry was used to analyze
and compare the correlation between SUMO1 and NF-xB
expression in 168 NSCLC patients.

Methods

Patients and tissue sample collection

Paraffin-embedded tissue specimens from 168 patients
with confirmed NSCLC were collected from March 2007 to
August 2010 at the Department of Thoracic Surgery of
Tangdu Hospital. Patients who received preoperative che-
motherapy, radiotherapy, or EGFR-targeted therapy were
excluded. Detailed information on the enrolled patients
was obtained from the computerized registry database of
medical records. Histological classification of tumors was
reviewed by two pathologists and based on World Health
Organization criteria. The Regional Ethics Committee for
Clinical Research of the Fourth Military Medical University
approved the study protocol. All subjects provided
informed consent.

Immunohistochemistry

Five micrometer sections were deparaffinized and rehy-
drated with graded alcohol. Endogenous peroxidase activity
was blocked by 3% hydrogen peroxide in methanol for
30 minutes. Antigen retrieval was performed by microwav-
ing sections in 10 mM citrate buffer (pH 6.0) at 95°C for
20 minutes. To reduce nonspecific binding, slides were
blocked with goat serum for 40 minutes. The sections were
then incubated in a humidified chamber at 4°C overnight
with primary anti-SUMO1 (diluted 1:100, Y299) or anti-
NF-xB (diluted 1:100, ab16502; Abcam, Cambridge, MA,
USA) antibodies. The slides were washed three times with
phosphate-buffered saline and then were incubated for
60 minutes with a labeled polymer. EnVision + Peroxidase
activity was visualized using a DAB Elite kit (Beyotime
Biotechnology, Shanghai, China), and the slides were coun-
terstained with hematoxylin.

Cell culture

Human NSCLC cell lines SpcA-1, A549, Calu-1, and H838
were grown in RPMI 1640 media (Hyclone, Thermo Fisher
Scientific, Beijing, China) supplemented with 10% fetal
bovine serum (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA), 100 units/mL penicillin, 100 pg/mL streptomy-
cin, and 1% glutamine (Sigma-Aldrich, St Louis,
MO, USA).

C.Keetal.

Lentiviral transfection and stable cell line
generation

Full-length human SUMO1 complementary DNA was PCR
amplified from total human lung cancer tissue complemen-
tary DNA, followed by insertion into the pMSCV vector
immediately upstream of the internal ribosome entry site. The
SUMOL1 fragment was then isolated through Notl digestion
and inserted into a SUMOI1 retroviral vector (pMSCV/
SUMOL1). The NSCLC cells were infected at 10 population
doublings with pMSCV/SUMO1 or the pMSCV control.
After puromycin selection, the forced expression of SUMOL1
was confirmed through quantitative real time (QRT)-PCR and
Western blot analyses from passages 5 to 30. Forced SUMO1
expression in the NSCLC cells used in this study were grown
from passages 10 to 25 in vitro. The shRNA-SUMO1 target
sequence was: 5'-GATCCCTCACAATACCGCA-3'.

Western blot analysis

Protein was extracted using cell lysis buffer (Beyotime Bio-
technology). Twenty-five micrograms of protein quantified
by the Bradford method was transferred to polyvinylidene
fluoride (PVDF) membranes after separating by 12%

sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. The PVDF membrane (Millipore, Billerica, MA, USA)
was incubated at 4 °C overnight with the following anti-
bodies: SUMOL1 (1:2000, Y299), NF-xB (1:2000, ab16502),
and p-actin (1:3000, ab8277; Abcam). Membranes were
incubated with horseradish peroxidase-coupled anti-rabbit
immunoglobulin G (1:20 000, Cell Signaling Technology,
Danvers, MA, USA) at room temperature for 1.5 hours.
The proteins were detected using electrochemilumines-
cence plus reagents (Thermo Fisher Scientific).

Quantitative RT-PCR analysis

Total RNA was isolated using the TRIzol reagent according to
the manufacturer’s protocol (Thermo Fisher Scientific). Real-
time PCR was performed using SYBR Premix Ex Taq II
(Takara, Dalian, China). Real-time PCR was carried out using
ABI Fast 7500 (Applied Biosystems, Foster City, CA, USA).
The 27*4" method was used to calculate the relative quantifi-
cation of target genes. The primers used in this study were:
SUMO-1: 5-TGACCAGGAGGCAAAACCTTC-3' and 5-
AATTCATTGGAACACCCTGTCTT-3; NF-«B: 5-AACA
GAGAGGATTTCGTTTCCG-3' and 5-TTTGACCTGAGGG
TAAGACTTCT-3'.

Cell proliferation assay

Non-small cell lung cancer cells (4 X 10*/well) were cul-
tured in 96-well tissue culture plates until they reached
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50% confluence. The proliferation abilities of NSCLC cells
were determined by CCK-8 assays (Dojindo, Kumamoto,
Japan). Ten microlitres of water-soluble formazan dye was
added to each well and incubated for 1.5 hours. The absor-
bance at 450 nm was measured by microplate reader. The
absorbance of the negative control (optical density [OD])
was considered to be 0%.

Colony-formation assay

A total of 200 NSCLC cells were seeded into each fresh
six-well plate. After seven days, the cells were rinsed with
phosphate buffered saline twice, fixed with 10% formalde-
hyde, and stained with 0.1% crystal violet. The colonies
were counted in each well.

Cell invasion assay

The invasive activity of NSCLC cells was estimated using
transwells (8 pm pore size, 6.5 mm in diameter, polycar-
bonate membrane) coated with extracellular matrix gel
(Corning, Tewksbury, MA, USA). An aliquot of 1 x 10°
cells was placed in the upper chamber with 0.1 mL serum-
free medium, while the lower chamber was loaded with
0.5 mL of medium containing 10% fetal bovine serum.
After incubation for 24 hours, the cells were fixed with 4%
paraformaldehyde and then counterstained with 0.1% crys-
tal violet. The cells that had migrated into the lower cham-
ber were observed and counted under a light microscope.

Statistical analysis

GraphPad Prism 5.0 (GraphPad, La Jolla, CA, USA) was
used for statistical analysis. All of the data are expressed as
the mean =+ standard error of three independent experi-
ments. Differences between cell experiments were deter-
mined using the Student’s ¢ test. Spearman’s rank
correlation coefficient was used to detect the correlation
between SUMO1 and NF-kB expression. Statistical signifi-
cance is represented as *P < 0.05 and **P < 0.01.

Results

Upregulation of SUMO1 enhanced the
colony formation, proliferation, invasion,
and cell cycle progression of non-small cell
lung cancer (NSCLC) cells

To investigate the effects of SUMOI1 on NSCLC cells, we
first tested the expression levels of SUMOL1 in four lung
cancer cell lines (Fig 1a,b). SUMO1 expression was high in
Calu-1 and H838 cells and low in spca-1 and A549 cell
lines. Stable cell lines with forced SUMOL1 expression were

SUMO1 promotes NSCLC

established in A549 cells. QRT-PCR and Western blot anal-
ysis revealed that SUMOI1 expression was increased in
forced SUMO1 expressed NSCLC cells compared to the
control group (Fig 1c,d). We further investigated the effect
of SUMOL1 overexpression on the function of lung cancer
cells. SUMOL upregulation increased the colony-formation
ability (Fig le,f) and proliferation (Fig 1g) of NSCLC cells
compared to the control. Furthermore, the number of
NSCLC cells migrating through the filter was higher in the
SUMOL1 overexpressed group than the control (Fig 1k]l).
The mobility of NSCLC cells in the wound-healing assay
was significantly increased after upregulation of SUMO1
(Fig 1h,i). Cell cycle analysis revealed that SUMO1 overex-
pression increased the percentage of NSCLC cells in the S
phase compared to the control (Fig 1j). Collectively, these
results indicated that SUMOI upregulation enhances the
proliferation and invasion of NSCLC cells in vitro.

Downregulation of SUMO1 suppresses the
colony formation, proliferation, invasion,
and cell cycle progression of NSCLC cells

Quantitative RT-PCR and Western blot were used to ana-
lyze the knockout efficiency of SUMOI1 in shRNA-
SUMOL1 Calu-1 cells. SUMOL1 was effectively suppressed
in the sShRNA-SUMO1 Calu-1 cell lines compared to the
control (Fig 2a,b). We further investigated the effect of
SUMOI1 downregulation on the function of lung cancer
cells. Cell counting kit 8 assay revealed that the knockout
of SUMOL1 expression dramatically inhibited the prolifera-
tion of NSCLC cells (Fig 2c). Downregulation of SUMO1
inhibited the colony-formation ability compared to the
control (Fig 2e,f). Mobility of NSCLC cells in the wound-
healing assay was notably decreased in shRNA-SUMO1
cells compared to the control (Fig 2gh). Cell invasion
assay results showed that the fewer NSCLC cells migrated
through the filter in the shRNA-SUMOI1 group than in
the control (Fig 2ij). Cell cycle analysis showed that
downregulation of SUMO1 decreased the percentage of
NSCLC cells in the S phase compared to the control
(Fig 2d). These data suggested that SUMO1 downregula-
tion inhibits the proliferation and invasion of NSCLC
cells.

SUMO1 expression is associated with NF-<B
in NSCLC

To verify the correlation between NF-kB and SUMO1, we
compared SUMO1 and NF-kB in 168 patients with
NSCLC who underwent surgical resection of cancer tissue
by immunohistochemistry. NF-kB and SUMO1 showed
similar expression patterns (Fig 3a). There was a signifi-
cant correlation between SUMOI1 and NF-kB in total
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Figure 1 Stable forced SUMO1 expression enhanced the colony formation, proliferation, migration, cell cycle progression, and invasion of A549 cells
in vitro. (a) Detection of messenger RNA (mRNA) expression of SUMO1 in different lung cancer cell lines by quantitative real time (qRT)-PCR. (b) Simi-
lar results were obtained through Western blot analysis. (c) gRT-PCR analysis revealed that SUMO1 mRNA expression levels were increased in SUMO1
overexpressed A549 cells compared to control cells. (d) Similar results were obtained through Western blot analysis (passages 15 and 30). Upregula-
tion of SUMO1 enhanced the (e,f) colony-formation ability, (g) proliferation, (h,i) migration, and (k,I) invasion of A549 cells. (j) Forced expression of
SUMO1 increased the number of A549 cells in the S phase of the cell cycle. *P < 0.05, **P < 0.01. OD, optical density.
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(r> 0.5, P <0.001) (Table 1). NF-«kB expression in differ-
ent NSCLC cell lines was similar to SUMO1 (Fig 3b,c).
Four pairs of human lung cancer samples, including can-
cer tissues and matched normal adjacent tissues were
selected to test SUMO1 and NF-xB expression by

Western blot. SUMO1 and NF-kB were upregulated in
cancer tissues (Fig 3d). Overexpression of SUMO1 upre-
gulated the expression level of NF-xB (Fig 3e,g), while
depletion of SUMOI1 inhibited NF-xB expression
(Fig 3f,g). NF-kB expression was regulated by SUMO1 in
NSCLC cell lines.
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Figure 2 Downregulation of SUMO1 suppresses the proliferation, cell cycle progression, colony formation, migration, and invasion of Calu-1 cells
in vitro. (@) Quantitative real time-PCR analysis revealed that the messenger RNA (mRNA) expression levels of SUMO1 in short hairpin RNA (shRNA)-
SUMO1-1 Calu-1 cells were significantly downregulated. (b) Similar results were obtained through Western blot analysis. (c) Downregulation of
SUMO1 expression significantly inhibited the (c) proliferation, (e,f) colony-formation ability, (g,h) migration, and (i,j) invasion of Calu-1 cells. (d)
Downregulation of SUMO1 reduced the number of Calu-1 cells in the S phase of the cell cycle.

Discussion

Non-small cell lung cancer is a highly malignant tumor
with poor clinical prognosis.® In recent years, significant
progress has been made to improve the survival rate of
NSCLC patients; however, to successfully manage NSCLC
patients,'>"> biomarkers with high sensitivity and specificity
to predict the severity of NSCLC are still urgently
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required."'* We previously reported that SUMOL is
related to the clinical features of lung cancer and could be
used as a molecular marker for diagnosis and prognosis;'"'
however the exact molecular mechanisms are unclear.
SUMOL1 is attached to other proteins in a generic,
reversible manner. The aggregation of SUMOI1 (sumoyla-
tion) affects the subcellular localization and stability of the
substrate, thus affecting its transcriptional activity.'”'®
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Figure 3 SUMO1 regulates NF-kB expression. (a) Immunohistochemical characteristics of SUMO1 and NF-kB in adenocarcinoma and adjacent nor-
mal tissues. (b) NF-kB messenger RNA (mRNA) exhibited similar expression levels as SUMO1 in different lung cancer cell lines. (c) Similar results were
obtained through Western blot analysis. (d) SUMO1 and NF-kB protein levels in paired samples from four non-small cell lung cancer patients. mRNA
expression of NF-kB was (e) increased in SUMO1-overexpressed cells and (f) downregulated in the SUMO1 knockdown cell line. (g) Similar results
were obtained through Western blot analysis. A, adjacent tissue; NT, normal tissue; T, tumor tissue.

Many transcriptional regulatory proteins have been shown
to be substrates for the ubiquitination of this class; how-
ever, it is widely believed that a number of substrates have
not been detected.” SUMOL plays an important role in
tumor development;*®*' however, the molecular mecha-
nism underlying the role of SUMOL1 in cancer progression
is not completely understood.”> SUMO1 at least partially
regulates cell cycle progression through the transcriptional
regulation of NF-xB, a tumor promoter in inflammation-
associated cancers.”>** Silencing of NF-xB expression has
been implicated as a key event in NSCLC progression.*>?

In the present study, we found that forced expression of
SUMOI1 promoted the proliferation rate, colony formation
ability, invasion, and NF-kB expression in NSCLC cell
lines. Conversely, depletion of SUMOL1 inhibited the cell
growth rate, colony formation ability, invasion, and NF-xB
expression. In lung adenocarcinoma and squamous carci-
noma patients, NF-kB expression is significantly correlated
with SUMOL1 (r > 0.5, P < 0.001). Based on these findings,
we hypothesize that SUMO1 promotes the proliferation
and invasion of NSCLC cells, perhaps partly by altering

NF-kB expression. However, the exact mechanism
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Table 1 Correlation analysis of SUMO1 and NF-xB in lung cancer tissue

SUMO1 promotes NSCLC

SUMO1
Histological type NF-xB - + ++ +++ r P
NSCLC - 16 30 2 3 0.514 <0.001
+ 4 53 14 5
++ 1 6 29 0
Adenocarcinoma - 9 11 1 2 0.565 <0.001
+ 3 26 11 0
++ 0 3 15 3
Sguamous carcinoma - 9 19 0 0 0.712 <0.001
+ 0 29 4 3
++ 0 1 14 0
NSCLC, non-small cell lung cancer.
underlying the role SUMOLI in the progression of NSCLC 5 Bellail AC, Olson JJ, Hao C. SUMOI modification stabilizes

requires further study.

Our results and those of previous studies indicate that
SUMO1 promotes the proliferation and migration of
NSCLC cells by regulating the expression of NF-kB. There-
fore, SUMO1 might be a potential diagnostic marker and
therapeutic target for NSCLC.
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