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Abstract: Cullin 44 (CUL4A) overexpression has been reported to be involved in the car-
cinogenesis and progression of many malignant tumors. However, the role of CUL44 in the
progression of gastric cancer (GC) remains unclear. In this study, we explored whether and how
CULA4A regulates proinflammatory signaling to promote GC cell invasion. Our results showed
that knockdown of CUL4A inhibited GC cell migration and invasion induced by lipopolysac-
charide (LPS) stimulation. We also found that both CUL4A and nuclear factor-kappa B (NF-xB)
protein expressions were enhanced by LPS stimulation in HGC27 GC cell lines. Furthermore,
knockdown of CUL4A decreased the protein expression of NF-kB and mRNA expression of the
downstream genes of the NF-kB pathway, such as matrix metalloproteinase (MMP) 2, MMP9,
and interleukin-8. Our immunohistochemistry analysis on 50 GC tissue samples also revealed
that CUL4A positively correlated with NF-xB expression. Taken together, our findings suggest
that CUL4A4 may promote GC cell invasion by regulating the NF-kB signaling pathway and
could be considered as a potential therapeutic target in patients with GC.
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Introduction

Gastric cancer (GC) is the second leading cause of cancer-related deaths after lung and
bronchus cancers and is the fourth most common malignancy worldwide.! In recent
years, in spite of a decrease in the rate of GC incidence in some parts of the world,
primarily due to early detection and dietary changes, the incidence of GC remains high
in China.? The association between chronic inflammation and GC is now well estab-
lished. For instance, chronic gastritis is induced by Helicobacter pylori infection, which
progresses to atrophy, metaplasia, dysplasia, and GC.? Therefore, an understanding of
the relationship between inflammation and GC is essential for developing prevention
and treatment strategies against gastric carcinogenesis.

Members of the nuclear factor-kappa B (NF-xB) family include the proteins
RelA (p65), RelB, c-Rel, NF-xB1 (p50 and its precursor p105), and NF-xB2 (p52
and its precursor p100); these proteins act as transcription factors and play critical
roles in the development of inflammation and cancer.*® The NF-xB proteins and
other proteins associated with the NF-kB pathway have been reported to be involved
in many cell physiological functions, including apoptosis, proliferation, invasion,
and angiogenesis.® In cells in resting state, NF-kB proteins are mainly localized in
the cytoplasm with a heterotrimeric complex, composed of the p50, p65, and IxBo
proteins. Various stimuli such as tumor necrosis factor (TNF), lipopolysaccharides
(LPSs), and IL-1J trigger a signaling cascade through receptor-induced signaling to
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activate NF-xB proteins. The process of activation includes
phosphorylation, ubiquitination, and degradation of IkBo
and phosphorylation of p65. Then, the phosphorylated p65
translocates into the nucleus.” Once inside the nucleus, it
binds to its cognate DNA-binding site in the promoter or
enhancer regions of specific genes, thereby switching on their
expression.*® Owing to their physiological importance, the
NF-kB proteins have come to be regarded as key integrators
of immunity, inflammation, and oncogenesis. Cellular levels
of NF-xB are constitutively elevated in many human tumors
that are preceded by chronic inflammation. For instance, GC
is driven by H. pylori infection.!® Meanwhile, Sasaki et al'!
had proved that NF-kB was constitutively activated in human
gastric tissue and contributed to the aggressiveness of gastric
carcinoma. However, the mechanism how NF-kB is involved
in GC remains largely unknown.

Cullin 4A (CUL4A) is a member of the cullin family
of proteins comprising the multifunctional ubiquitin ligase
E3 complex and plays critical roles in DNA replication,
cell cycle regulation, and genomic instability through the
ubiquitin—proteasome system.'>'” CUL4A amplification or
overexpression has been reported in certain human cancers,
including breast cancer, squamous cell carcinoma, adreno-
cortical carcinoma, childhood medulloblastoma, prostate
cancer, and hepatocellular carcinoma,'®** and is associated
with poor prognosis in node-negative breast cancer.'® These
data suggest that CUL4A4 could play an important role in
the progression of malignant tumors. In addition, CUL4B, a
homolog of CUL4A, is known to exhibit functional redun-
dancy with CUL4A4.'7** CUL4B has been demonstrated to be
involved in the immune system processes and regulation of
proinflammatory cytokines.?>?¢ Thus, it can be speculated that
CUL44 may act as an oncogene; however, whether it plays
any role in inflammation remains unknown.

In numerous studies, ubiquitin modification has been
shown to play a crucial role in NF-kB signaling activation.
For instance, the phosphorylation target IxBo, which can
inhibit the activation of NF-xB proteins, is ubiquitinated
by the SCF-ubiquitin ligase complex.?? CUL4A is a
core component in the multifunctional ubiquitin ligase E3
complex; therefore, we hypothesized that overexpression
of CUL4A may promote GC cell invasion by activating
the NF-kB pathway. In this research, we demonstrated that
downregulation of CUL4A expression leads to the inhibi-
tion of GC cell invasion induced by LPS stimulation. Fur-
thermore, knockdown of CUL4A decreases the expression
of NF-xB and its downstream target genes. These results
indicate that CUL4A/NF-xB signaling may be involved in
the invasion of GC.

Patients and methods

Ethics statement
All the patients agreed to participate in our study and gave
written informed consent. The study and the ethical consent
forms were approved by the ethical board of The First Affili-
ated Hospital of Nanchang University and complied with the
Declaration of Helsinki.

Patients and clinical specimens

The postoperative GC samples were provided by The First
Affiliated Hospital of Nanchang University. Paraffin-embedded,
archived GC samples were collected from 50 patients diagnosed
with GC between January 2007 and December 2010. According
to the seventh edition of American Joint Committee on Cancer
(AJCC) tumor node metastasis staging system, there were 16
patients in stage Il and 34 patients in stage III. The surgical
specimens were fresh tissue samples that were frozen in liquid
nitrogen within 20 min after collection. The primary GC tissues
and adjacent normal tissues were collected from patients who
underwent therapeutic surgery, with informed consent.

Immunohistochemistry

Paraffin sections (4 mm thick) were deparaffinized and rehy-
drated in 3% hydrogen peroxide for 15 min at room tempera-
ture. Antigen retrieval was performed by heating the sections
in citrate buffer at 95°C for 1 h. After blocking endogenous
peroxidase with 3% hydrogen peroxide, tissue sections were
incubated overnight at 4°C with the primary antibodies against
CULA4A (1:100; Abcam, Cambridge, MA, USA) and NF-xB
(1:50; Cell Signaling, Danvers, MS, USA). After washing
three times with phosphate buffer saline (PBS), a biotinylated
secondary antibody (Zhongshan Bio-Tech, Beijing, People’s
Republic of China) was added (1:100) and incubated for
10 min at room temperature. Tissue sections were developed
with 3,3’-diaminobenzidine and counterstained with hema-
toxylin. The rate of staining intensity was scored as 0 (no
staining), 1 (light yellow), 2 (yellow brown), and 3 (brown-
ish yellow staining). The positively stained tumor cells were
graded as 0 (no positively stained cells), 1 (<10% of positive
cells), 2 (10-50% of positive cells), and 3 (>50% of positive
cells). The immunostaining index was calculated as the rate
of positively stained tumor cells multiplied by the staining
intensity score; tumors with indexes 0—4 were considered
negative, and those with indexes 5—9 were considered positive.

Cell culture and transfection

Human GC HGC27 cells (presented by The First Affiliated
Hospital of Sun Yat-sen University) were cultured in RPMI
1640 medium (Solarbio, Beijing, People’s Republic of China)
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supplemented with 10% fetal bovine serum (Transgene,
Ilikirch Graffenstaden, France) and 1% antibiotics. Cells were
incubated at 37°C with 5% CO,. Short interfering RNAs (siR-
NAs) targeting the CUL4A4 gene and nonsense siRNA (for the
use as negative control [NC]) were designed and synthesized
(GenePharma, Shanghai, China). The HGC27 cells were grown
to 30—40% confluence and transfected with CUL4A siRNA or
NC. Transfection efficiency was determined using Western blot
and quantitative polymerase chain reaction (QPCR) analysis.

RNA isolation, reverse transcription, and

quantitative real-time- polymerase chain
reaction (QRT-PCR)

Total RNA from the transfected cell lines was isolated using
the TRIzol reagent (Invitrogen, Waltham, MA, USA), and
reverse transcribed to cDNA using a cDNA Synthesis Kit
(TransGen Biotech, Beijing, People’s Republic of China).
Real-time PCR was performed using the qPCR SuperMix
(Takara Co, Minamikusatsu, Japan) and StepOnePlus Real-
Time PCR System (Applied Biosystems, Waltham, MA,
USA) using a standardized protocol. Calculation of target
RNA levels was based on the CT method and normalized to
B-actin expression. All reactions were run in triplicate over
multiple days. Information about primer sequences is sum-
marized and presented in Table 1.

Western blot

The proteins used for Western blotting were extracted from
the HGC27 cell line or fresh frozen tissues and lysed by
an ice-cold lysis buffer. Proteins were separated by 10%
SDS—polyacrylamide gel electrophoresis and then blotted
onto nitrocellulose membranes. Membranes were blocked
with 5% nonfat milk or BSA for 1 h at room temperature
and incubated overnight with primary antibodies against
CUL4A, NF-xB, and B-actin (Affinity, Cincinnati, OH,
USA). After washing three times in TBS/0.05% Tween-20,
the membranes were incubated with secondary peroxidase-
conjugated antibody (ZSGB, Beijing, People’s Republic of
China) for 1 h and washed three times. Signals were detected

Table | The sequences of primers for quantitative real-time PCR

using the chemiluminescence dissolvent (Thermo, Waltham,
MA, USA).

Transwell assays

Cell invasion assays were performed using 8 um transwell
inserts (CoStar, Corning, NY, USA) coated with 60 pL of
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). Cells
were added to the upper chamber with 200 pL of serum-free
medium, and 600 pL of medium containing 25% fetal bovine
serum (FBS) was added to the lower chamber, following
which the cells were incubated at 37°C for 24 h.

Wound healing assays

Cells were seeded into six-well plates and were allowed to
grow until a density of ~5x10° cells/well was reached. The
cells were denuded by dragging a rubber policeman (Fisher
Scientific, Hampton, NH, USA) through the center of the
plate. Cultures were rinsed with PBS and replaced with
fresh serum-free medium alone or containing 10% FBS,
following which the cells were incubated at 37°C for 24 h.
Photographs were taken at 0 and 24 h, and the cell migration
distance was measured.

Statistical analysis

Data are expressed as the mean + SD. Student’s t-test was used
to compare continuous variables, and a value of P<0.05 was
considered as significant. All analyses were performed using
the SPSS Version 13.0 software (SPSS, Inc, Chicago, IL, USA).

Results
The specific siRNA inhibited CUL4A
expression in HGC27 cells

We first tested the efficiency of our siRNA construct in
knocking down CUL4A expression in HGC27 cells. Here,
HGC27 cells were transfected with CUL4A siRNA for 24 h.
Western blotting and qRT-PCR analysis showed that CUL4A
expression was significantly reduced at both the protein and
mRNA levels in GC cells transfected with CUL4A4 siRNA
compared to control cells (Figure 1A and B).

Gene Primers

CUL4A F: GGAAAGCACAGTGGTCGAA R: GGGACACCTGGAATTCCTTC
IL-8 F: GGTGCAGTTTTGCCAAGGAG R: TTCCTTGGGGTCCAGACAGA
MMP2 F: CAAGGAGAGCTGCAACCTGT R: TCTGGGGCAGTCCAAAGAAC
MMP9 F: GTACTCGACCTGTACCAGCG R: AGAAGCCCCACTTCTTGTCG
VEGF F: CTGGAGCGTGTACGTTGGT R: TTTAACTCAAGCTGCCTCGC
[-Actin F: CCTAGGCACCAGGTGTGAT R: TTGGTGACAATGCCGTGTTC

Abbreviations: CUL4A, cullin 4A; MMP, matrix metalloproteinase; IL-8, interleukin-8; VEGF, vascular endothelial growth factor, PCR, polymerase chain reaction; F, forward;

R, reverse.
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Figure | The CUL4A siRNA suppressed the expression of CUL4A in HGC27 cells.

Notes: (A) The expression of CUL4A protein in HGC27 cells was measured by Western blot. (B) The expression of CUL4A mRNA was measured by qRT-PCR. CUL4A
knockdown inhibited the migration and invasion of gastric cancer cells stimulated with LPS. (C and D) After LPS stimulation, the number of migratory and invasive cells was
significantly higher than that of HGC27 cells transfected with NC, the number of migratory and invasive cells transfected by CUL4A siRNA was significantly lower than NC,
and the number of cells with LPS stimulation was significantly higher than that of CUL4A siRNA-transfected cells stimulated by LPS. *P<0.05 and **P<0.01.

Abbreviations: CUL4A, cullin 4A; LPS, lipopolysaccharide; NC, negative control; siRNA, short interfering RNA; qRT-PCR, quantitative real time polymerase chain reaction.

CUL4A knockdown inhibited LPS-induced

migration and invasion of GC cells

We performed wound healing assays and transwell assays to
determine whether CUL4A4 knockdown had any inhibitory
effect on GC cell migration and invasion induced by LPS
(Sigma-Aldrich, Shanghai, China) stimulation. After LPS
stimulation, the number of migratory and invasive cells was
significantly higher than that of HGC27 cells transfected

with NC, whereas the number of migratory and invasive cells
transfected by CUL4A4 siRNA was significantly lower than
NC (Figure 1C and D). Moreover, the number of cells with
LPS stimulation was significantly higher than that of CUL44
siRNA-transfected cells stimulated by LPS (Figure 1C
and D). This indicated that knockdown of CUL4A4 could
partly suppress the migratory and invasive abilities of GC
cells induced by LPS stimulation.
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LPS enhanced the expression of CUL4A

and NF-xB proteins in GC cells

The effect of LPS on CUL4A and NF-xB protein expres-
sions in GC cells was examined by Western blotting. When
cells were stimulated with 100 ng/mL of LPS for 0.5, 1, 2,
and 3 h, CUL4A levels showed a time-dependent increase
up to 2 h (Figure 2A). When various LPS concentrations
were tested, CUL4A was upregulated in a concentration-
dependent manner up to 100 ng/mL (Figure 2B). Similarly,
we also investigated time- and concentration-dependent
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effects of LPS on NF-kB expression in GC cells. Similar to
CULA4A, NF-xB expression was also upregulated by LPS in
a concentration-dependent manner up to 100 ng/mL at 2 h
(Figure 2A and B).

Knockdown of CUL4A inhibited the
NF-xB pathway

To investigate the role of CUL4A4 in NF-xB signaling path-
way, we downregulated CUL4A expression with siRNA and
observed a significant reduction in NF-xB protein expression
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Figure 2 LPS enhanced the expression of CUL4A and NF-xB proteins in gastric cancer cells.

Notes: (A) HGC27 cells were stimulated for different durations with 100 ng/mL LPS, and the protein levels of CUL4A and NF-kB were investigated by immunoblotting. (B)
Gastric cancer cells were cultured with various LPS concentrations for 2 h, and CUL4A and NF-xB expression were analyzed by Western blotting.

Abbreviations: CUL4A, cullin 4A; LPS, lipopolysaccharide; NF-kB, nuclear factor-kappa B.
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Notes: (A) HGC27 cells transfected with CUL4A siRNA were treated with 100 ng/mL of LPS for 2 h and analyzed for NF-xB protein levels by immunoblotting. (B) The
expression of NF-kB downstream genes including VEGF, MMP2, MMP9, and IL-8 was analyzed by qRT-PCR. *P<0.05 and **P<0.01.
Abbreviations: CUL4A, cullin 4A; LPS, lipopolysaccharide; MMP, matrix metalloproteinase; IL-8, interleukin-8; NC, negative control; NF-kB, nuclear factor-kappa B; siRNA,

short interfering RNA; qRT-PCR, quantitative real time polymerase chain reaction.

in HGC27 cells stimulated by LPS (Figure 3A). In cells
where CUL4A was downregulated, we also evaluated mRNA
expression of the downstream genes of the NF-kB pathway,
such as VEGF, matrix metalloproteinase (MMP) 2, MMP9,
and interleukin-8 (IL-8). A significant decrease in MMP2,
MMP9, and IL-8 mRNA levels was detected in GC cells
transfected with CUL4A4 siRNA compared to those trans-
fected with scrambled siRNA (NC) (Figure 3B).

CULA4A and NF-kB were overexpressed

in GC tissues

Immunohistochemistry analysis was performed on 50 GC
tissue samples to detect CUL4A and NF-kB expressions.
Positive expression of CUL4A protein was defined as a
medium brown or brownish-yellow stain in the cytoplasm
and/or nucleus of tumor tissues, and NF-xB was mainly local-
ized in the nucleus (Figure 4A). In the samples from stage 11

patients, the positive expression rate of CUL4A and NF-kB
proteins was 43.7% (7/16) and 56.2% (9/16), respectively,
which was elevated to 85.3% (29/34) and 82.4% (28/34)
each in stage III patients. Then, we detected CUL4A and
NF-xB expressions in three pairs of GC tissue samples and
adjacent nontumor tissue samples via Western blot analysis
(Figure 4B). Correlation analysis revealed that CUL4A
positively correlated with NF-xB expression (Figure 4C,
P=0.0010, r=0.4522).

Discussion

In this study, we explored the role of CUL4A, a ubiquitin
ligase protein, in GC cells and found that decreased expres-
sion of CUL4A could inhibit the LPS-induced invasion and
migration of GC cells. Further investigation revealed that
LPS could induce the expression of CUL4A and activate
NF-kB expression. In addition, knockdown of CUL4A4 could
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Figure 4 CUL4A and NF-xB were overexpressed in GC tissues.

Notes: (A) Representative images of gastric tumor tissues showing concordant positive staining of CUL4A and NF-kB in the same sample (200x). (B) Western blot analysis
of CUL4A and NF-kB expressions in three paired primary GC and adjacent noncancerous tissue samples. These three patients were all diagnosed stage Ill. (C) CUL4A
expression scores and NF-kB expression scores in 50 GC samples revealed that CUL4A expression positively correlated with NF-kB expression via correlation analysis

(P=0.0010, r=0.4522).

Abbreviations: CUL4A, cullin 4A; GC, gastric cancer; NF-kB, nuclear factor-kappa B.

decrease the expression of NF-kB and NF-xB downstream
genes, including MMP2, MMP9, and IL-8, in GC cells. Fur-
thermore, we detected the expression of CUL4A and NF-xB
in fresh GC tissue samples and found that both CUL4A and
NF-xB were overexpressed in these samples compared to
normal controls. Correlation analysis revealed that CUL4A
expression positively correlated with NF-xB expression,
based on immunohistochemistry scores. These results suggest
that dysregulation of CUL4A4 may be involved in the invasion
of GC via the NF-xB signaling pathway.

In our previous study, we found that CUL4A expression
was upregulated in GC tissues and cell lines and that it was
associated with poor prognosis in patients with GC.* In the
present study, we also found that CUL4A expression was
frequently increased in human GC tissues when compared
with normal gastric tissues. Schindl et al demonstrated that
overexpression of CUL4A in breast carcinomas was associ-
ated with shorter overall and disease-free survival in patients
with breast cancer.”” High levels of CUL4A4 expression have
also been detected in various other tumors as well.!31°21"3 On
the basis of this evidence, it can be speculated that CUL4A4
plays an important role in tumor invasion and metastasis. In
early studies, CUL4A4 was regarded as a potential oncogene
based on its ability to ubiquitinate and degrade several well-
known tumor suppressor genes, such as p21, p27, DDB2, and
p53.14153132 For instance, Li et al'> showed that the CUL4A

ubiquitin ligase targets p27 for degradation and promotes the
proliferation of erythroid progenitors and proerythroblasts.
In a study by Zemmoura et al,** decreased expression of p53
resulting from ubiquitination by CUL4A was found to be
positively related to the invasiveness of pituitary adenomas.
In this study, however, we demonstrated that knockdown of
CUL4A could inhibit the invasion of GC cells and suppress
the expression of NF-xB and the downstream genes of NF-xB
signaling pathway. To the best of our knowledge, this is the
first report indicating that CUL4A4 could be involved in the
invasion of GC by regulating the NF-xB signaling pathway.

It is well known that NF-kB is an important transcription
factor that plays a critical role in the development of inflam-
mation and cancer. In addition, it has been reported to be
involved in many physiological functions of the cell, includ-
ing apoptosis, proliferation, invasion, and angiogenesis.* It
is widely reported that NF-xB activation is associated with
chronic gastric inflammation and GC.** In this report, our
results show that the expression of CUL4A could be upregu-
lated in GC cells following LPS stimulation. LPS stimulation
has been demonstrated to promote tumorigenesis, invasion,
or metastasis in various cancers, such as breast cancer, lung
cancer, colorectal cancer, and pancreatic cancer.’*>° We also
found that CUL4A expression was positively correlated with
NF-xB expression in GC tissues. Both CUL4A and NF-xB
were expressed more frequently in stage I1I GC patients than
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in stage II patients. Furthermore, after CUL4A expression
was downregulated, the expression of NF-xB and the down-
stream genes of NF-kB pathway, such as MMP2, MMP9,
and IL-8, were also inhibited. MMPs belong to the family of
endopeptidases, which play important roles in degrading the
extracellular matrix (ECM).* Among the GC MMP family,
MMP2 and MMP9 are considered the most important for
degrading basement membrane type IV collagen and are
associated with invasive, aggressive, or metastatic tumor phe-
notypes.*'* Meanwhile, previous studies have demonstrated
that IL-8, a potent proinflammatory chemokine derived from
monocytes, macrophages, and endothelial cells, promotes the
adhesion, migration, invasion, and chemoresistance of GC
cells.** In conjunction with these reports, our results suggest
that CUL4A could promote GC invasion by regulating the
NF-kB pathway with inflammatory stimulation.

Conclusion

This is the first report to provide evidence that CUL4A4 may
promote GC cell invasion via NF-kB signaling pathway. There-
fore, targeting the newly recognized CUL4A/NF-xB signaling
pathway may be a promising strategy for the treatment of GC.
CUL44 may serve as a potential biomarker for GC progression,
and become a therapeutic target of GC, but its clinical value
still needs to be validated in a large cohort of GC samples.
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