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CARDI10 promotes the progression of renal cell carcinoma
by regulating the NF-kB signaling pathway
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Abstract. Previous studies have demonstrated that the expres-
sion of CARDIO is closely associated with the occurrence
of tumors, and its role is mainly to promote tumor progres-
sion by activating the transcription factor NF-kB. However,
the signaling pathway in renal cancer remains unclear. The
objective of the present study was to investigate the ability
of caspase recruitment domain 10 (CARDI0) to regulate
the NF-kB signaling pathway and promote the progression
of renal cell carcinoma (RCC). Expression of CARDI0 in
ACHN, 786-0 and HK-2 cells was evaluated via western blot
analysis, as was the epidermal growth factor (EGF)-induced
activation of NF-«kB signaling pathway-related proteins in
cells. The expression of CARDI10 was inhibited by CARDI10
short hairpin RNA transfection. Cell cycle analysis and MTT
assays were used to evaluate cell proliferation. Cell apoptosis
was analyzed via flow cytometry. The invasion of renal cell
lines was detected via Transwell cell migration and invasion
assays in vitro. The results showed that CARDIO0 expression
was significantly higher in RCC cells than in normal renal
tubular epithelial cells. CARDIO silencing inhibited the prolif-
eration, invasion and migration of RCC cells. EGF stimulation
upregulated the activation of the NF-kB pathway in RCC cells.
Inhibition of CARDIO expression inhibited NF-kB activa-
tion in RCC cells. Taken together, these data suggested that
CARDIO0 promotes the progression of renal cell carcinoma by
regulating the NF-«kB signaling pathway. Thus, this indicated
that CARDI0 may be a novel therapeutic target in RCC.
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Introduction

Renal cell carcinoma (RCC) is the second most common
malignant tumor of the urinary system, with an incidence
that is increasing annually. RCC is associated with >140,000
deaths per year. The incidence of RCC is more prominent in
men, with a male-to-female ratio of 1.5:1, and peaks at age
60-70 years (1). Early clinical manifestations of RCC are not
easily detectable, and 1/4-1/3 of patients have metastasis at the
time of clinical diagnosis (2,3). Therefore, the treatment of
RCC is highly challenging. The caspase recruitment domain
(CARD) protein family has three main members, known as
CARDI0, CARDI1 and CARDI4. CARDII is expressed
mainly in lymphatic tissues, as well as certain hematopoi-
etic organs, including the spleen and thymus. CARDI14 is
expressed mainly in the skin and mucous membranes (4,5).
CARDIO, also known as CARMA3 (6), is widely distributed
in all non-hematopoietic tissues, such as the heart, kidney
and liver (6-9). High expression of CARDIO has also been
found in a variety of solid tumors, such as colorectal (10),
lung (11), pancreatic (12), breast (13), ovarian (14), renal (15)
and bladder cancers (16,17). In colon, lung, pancreatic and
breast cancers, studies have shown that CARDIO promotes
growth and invasion of tumor cells, and inhibits apop-
tosis (10-13). Furthermore, increased expression of CARDI10
is closely related to malignancy (18-20). CARDIO exerts its
biological functions mainly through the NF-«B signaling
pathway (7,21,22). This is via a mechanism predominantly
involved in the regulation of the IkB kinase complex by the
CARDI11-B-cell lymphoma 10 (BCL10)-mucosa-associated
lymphoid tissue lymphoma gene 1 (MALT1) complex, which
is composed of downstream BCL10 and MALT1 (7,21,22).
However, the mechanism by which CARDI10 modulates
signaling pathways that promote RCC invasion and migration
remains unclear. Therefore, this study investigated the ability
of CARDIO to regulate the NF-kB signaling pathway and
promote disease progression in RCC. This information may
provide a novel therapeutic target in RCC.

Materials and methods

Materials. Human RCC cell lines (ACHN and 786-0) and the
human renal tubular epithelial cell line HK-2 were purchased
from The Cell Bank of Type Culture Preservation Committee
of the Chinese Academy of Sciences. Transfection vectors
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[short hairpin (sh)GFP and shCARDI0] were purchased from
Shanghai GeneChem Co., Ltd. Anti-CARDIO0 antibody (cat.
no. ab36839), anti-IkBa antibody (cat. no. ab32518), anti-p-65
antibody (cat. no. ab32536), anti-phosphorylated (p)-p-65 anti-
body (cat. no. ab86299), anti-B-actin antibody (cat. no. ab8226),
goat anti-rabbit IgG (cat. no. ab6721) and goat anti-rat IgG (cat.
no. ab97057) were purchased from Abcam. Modified Eagle's
Media (MEM), Roswell Park Memorial Institute (RPMI)
1640 medium, Dulbecco's Modified Eagle's Medium: Nutrient
Mixture F-12 (DMEM/F12) and fetal bovine serum (FBS) were
purchased from Gibco (Thermo Fisher Scientific, Inc.). The
MTT cell proliferation, and cell cycle and apoptosis analysis
kits were purchased from BestBio. Transwell chambers and
Matrigel matrix were purchased from Corning Life Sciences.
SDS-PAGE gel preparation kit, ECL photoluminescence kit,
pancreatic cell digestion solution, bicinchoninic acid (BCA)
protein assay kit and PBS were purchased from Beyotime
Institute of Biotechnology.

Cell culture. ACHN, 786-0O and HK-2 cells were cultured in
MEM, RPMI 1640 and DMEM/F12 medium, respectively,
supplemented with 10% FBS at 37°C under 5% CO,.

Western blot analysis. Total cellular proteins were extracted
using a 100:1 mixed solution of RIPA buffer (Beyotime
Institute of Biotechnology) and PMSF (Beyotime Institute of
Biotechnology.). The protein concentrations were measured
using a BCA Protein Assay kit. Target proteins (30 ug) were
separated via SDS-PAGE on a 10% gel and transferred to
PVDF membranes. Non-specific binding was blocked by
incubation in 5% non-fat dried milk for 2 h at room tempera-
ture. Membranes were then incubated overnight at 4°C with
primary antibodies (dilutions: CARDI0, 1:200; IxBa, 1:5,000;
NF-kB p65, 1:1,000; p-NF-«kB p65, 1:1,000). After washing,
the membranes were then incubated with the appropriate
HRP-conjugated secondary antibodies (dilution: 1:10,000)
at room temperature for 2 h. Finally, after washing, immu-
noreactive protein bands were detected using an ECL kit
and quantified using ImageJ Pro Plus 6.0 software (National
Institutes of Health).

CARDIO0 shRNA transfection. Cultured RCC cells (ACHN and
786-0; ~90% confluent) were seeded (2.5x10°/ml) in 24-well
tissue culture plates (Beyotime Institute of Biotechnology).
Subsequently, when the cell confluency was ~60%, 20 pmol
CARDI0 shRNA (or shGFP as the negative control) was
dissolved in 50 pl Opti-MEM (HyClone; GE Healthcare Life
Sciences, and 1 ul Lipofectamine® 2000 reagent (Thermo
Fisher Scientific, Inc.) was dissolved in 50 ul Opti-MEM
before both solutions were mixed at room temperature for
5 min. Finally, at ~90% confluence, the culture medium was
replaced with 400 ul serum-free medium and 100 pl trans-
fection mixture was added. Cells were incubated for 4-6 h
before the transfection medium was replaced with complete
medium. After cultivation for 24-48 h, proteins were extracted
and successful transfection was confirmed via western blot
analysis.

Transwell cell migration and invasion assays. For Transwell
invasion assays, 100 1 Matrigel (1 mg/ml) was added vertically
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to the membrane in the Transwell upper chamber and incu-
bated at 37°C for 4-5 h until dry. The basement membrane
was hydrated by incubation with serum-free medium at 37°C.
Medium (600-800 ul) containing 10% FBS was added in the
lower chamber and 100-150 ul cell suspension (2x10°/ml) was
added to the upper chamber. Plates were incubated at 37°C
for 24 h before cells that had invaded the Matrigel were fixed
with 4% paraformaldehyde for 30 min at room temperature,
stained with 0.5% crystal violet solution for 15-30 min at room
temperature and counted under an inverted light microscope
(Olympus Corporation; CKX31; magnification, x100).

For Transwell migration assays, the cell suspension was
prepared as described previously. Medium (600-800 ul)
containing 10% FBS was added in the lower chamber and
100-200 pl cell suspension (3x10°/ml) was added to the upper
chamber. Plates were incubated at 37°C for 36 h before cells
that had migrated from the upper chamber to the lower chamber
were fixed with 4% paraformaldehyde for 20 min at room
temperature, stained with 0.5% crystal violet for 30 min at
room temperature and counted under an inverted light micro-
scope (Olympus Corporation; CKX31; magnification, x100).

Cell cycle analysis. Cells cultured in 6-well tissue culture
plates were washed and resuspended with 0.5 ml pre-cooled
PBS. Cells were then fixed by the addition of 1.2 ml pre-cooled
anhydrous ethanol (final ethanol concentration was 70%) at
-20°C for 1 h. Fixed cells were harvested by centrifugation
at 3,600 x g for 10 min at room temperature. After removing
the supernatant, cells were washed twice with 1.8 ml PBS and
centrifuged at 600 x g at room temperature. The supernatant was
discarded, and the cells were resuspended in 100 ul RNase-A
(50 pug/ml), mixed and digested at 37°C for 30 min. Nuclei
were stained with 100 ul propidium iodide (PI) dye solution
(final concentration 50 pg/ml) at 4°C in the dark for 30 min.
Flow cytometric analysis (NAVIOS; Beckman Coulter, Inc.)
of ~3x10* cells was performed immediately using MultiCycle
software version 10.1 (Phoenix Flow Systems, Inc.).

MTT assay. Cells were seeded into 96-well flat-bottomed
tissue culture plates (5-10x10%/well in 100 gl medium). The
cells were cultured for 24-96 h at 37°C under 5% CO, before
the addition of 10 pl/well MTT solution (5 mg/ml, 0.5%
MTT). Cells were cultured for a further 4 h before the addi-
tion of 150 ul dimethyl sulfoxide to dissolve crystals. Cell
proliferation was measured at 490 nm by an ELISA plate
reader.

Cell apoptosis analysis. Cells (0.5-1x10%) were centrifuged at
800 x g for 3 min at room temperature. After washing twice
with pre-cooled PBS, cells were resuspended with 100 ul 1X
binding buffer (BestBio) and 5X allophycocyanin conjugated
to Annexin V was added. After incubation for 15 min at room
temperature, 10 x1 PI was added and the cells were incubated
at room temperature in the dark for 5 min. Flow cytometric
analysis (NAVIOS) of ~3x10° cells was performed immediately
using Kaluza 2.0 software (Beckman Coulter, Inc.).

Activation of NF-xB. The cell suspension (786-O and ACHN
cells) was prepared and inoculated into four Petri dishes
at 37°C under 5% CO,. When the cell density was ~90%,
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Figure 1. Expression of CARDI0 in RCC cells compared with in normal renal tubular epithelial cells. (A) Western blot analysis detected a higher CARD10
content in the 786-O and ACHN RCC cells than in HK-2 cells. "P<0.05 vs. HK-2. After the transfection of (B) 786-O and (C) ACHN RCC cells for 48 h,
western blot analysis was performed. "P<0.05 vs. shtCARD10. CARDI0, caspase recruitment domain 10; RCC, renal cell carcinoma; sh, short hairpin (RNA).

EGF (AF-100-15; PeproTech, Inc.) was added into the four
Petri dishes and the concentration was adjusted to 10 ng/ml.
The cells were treated for 0, 7.5, 15 and 30 min. shGFP and
shCARDI1O0 cell lines (786-O and ACHN cells) were estab-
lished by transfecting cells with shRNA. EGF was added to
three plates, and the concentration was adjusted to 10 ng/m.
The cells were treated for O, 15 and 30 min. The treatment of
HK-2, 786-O and ACHN cells was the same as before.

Statistical analysis. Data are presented as the mean + SD.
The statistical analysis was performed using SPSS version
19.0 (IBM, Corp.). Comparisons were performed with
Student's t-test. Statistical differences among multiple groups
were analyzed by one-way ANOVA and Tukey's post hoc
test. P<0.05 was considered to indicate a statistically signifi-
cant difference. Each experiment was repeated at least three
times.

Results

High expression of CARDIO in RCC cells. Western blot anal-
ysis confirmed that the expression of CARDI0 in RCC cells

(786-0 and ACHN) was significantly higher compared with in
normal renal tubular epithelial cells (HK-2; P<0.05; Fig. 1A).

CARDI0O promotes the growth of RCC cells. After 48 h of
transfection, the total protein of the cells was extracted and the
effect of transfection was verified via western blot analysis.
CARDIO protein expression was significantly decreased in cells
transfected with CARD10 shRNA (P<0.05; Fig. 1B and C).
The effects of shRNA-mediated CARDIO silencing on RCC
function were investigated. At 48 h after transfection, MTT
assays showed that cell proliferation in the 786-O-shCARDI0
group was significantly lower than that in the 786-O and
786-0-shGFP groups (P<0.05; Fig. 2A). However, there were
no significant differences in the cell proliferation ability
between the 786-O and 786-0O-shGFP groups (Fig. 2A).
Furthermore, flow cytometric analysis of the cell cycle distri-
bution in the three groups showed a higher proportion of Gl
phase cells in the 786-O-shCARDI10 group compared with the
other two groups, while the proportion of S phase cells was
significantly reduced (P<0.05; Fig. 3A and C). To confirm that
CARDIO promoted RCC growth, apoptosis in the three groups
of cells was also analyzed. The percentage of apoptotic cells
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Figure 3. Cell cycle arrest in renal cell carcinoma cells after CARD10 knockdown. Stages of the cell cycle of (A) 786-0,786-O-shGFP and 786-O-shCARD10
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Figure 4. Increased apoptosis of renal cell carcinoma cells after CARDI0 knockdown. (A) Distribution of apoptosis in 786-0, 786-O-shGFP and
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allophyocyanin.

in the 786-0O-shCARDIO0 group was significantly higher than
that in the other two groups (P<0.05; Fig. 4A and C). Similar
results for these three experiments were obtained in ACHN
cells (Figs. 2B, 3B and D, and 4B and D). Therefore, it can
be concluded that CARDI10 promotes growth and inhibits
apoptosis in RCC cells.

CARDIO promotes the invasion of RCC cells. To further
examine whether CARDIO contributes to the migration and
invasion of RCC cells, migration and Matrigel invasion assays
in Transwell chambers were performed. In invasion assays,
the number of cells passing through the Matrigel in the
786-0O-shCARDI0 group was significantly reduced compared
with in the 786-O and 786-0O-shGFP groups, with relative

inhibition rates of 57+10.6 and 51.4+12.6%, respectively, after
48 h (P<0.05; Fig. 5A and C). In migration assays, the number
of cells that migrated from the upper chamber to the lower
chamber in the Transwell plates was significantly lower in the
786-0-shCARDI0 group compared with that in the 786-O
and 786-0O-shGFP groups, with inhibition rates of 62.3+5.6
and 55.2+7.3%, respectively, at 48 h (P<0.05; Fig. SA and D).
Similarly, the number of cells passing through the Matrigel
in the ACHN-shCARDIO group was significantly reduced
compared to that in the ACHN and ACHN-shGFP groups,
with inhibition rates of 47.5+4.1 and 30.9+4.5%, respectively,
at 48 h (P<0.05; Fig. 5B and E). Furthermore, the number
of cells that migrated from the upper chamber to the lower
chamber in the Transwell plates in the ACHN-shCARDI10
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group was significantly reduced compared with that in the
ACHN and ACHN-shGFP groups, with inhibition rates
of 62.3+5.6 and 55.2+7.3%, respectively, at 48 h (P<0.05;
Fig. 5B and F).

CARDIO knockdown inhibits activation of the NF-xkB
signaling pathway in RCC cells. To investigate the mecha-
nism by which CARDI10 promoted the progression of RCC,
the effect of CARD10-knockdown on IxBa, NF-kB p65
and p-p65 levels was tested. First, 786-0 cells were stimu-
lated with epidermal growth factor (EGF; 10 ng/ml) for
0, 7.5, 15 and 30 min. The expression of proteins related
to activation of the NF-«xB signaling pathway was then
evaluated via western blot analysis. IkBa protein expres-
sion decreased significantly in a time-dependent manner,
while the p-p65/p65 content increased (P<0.05; Fig. 6A).
These results demonstrated that EGF stimulated activa-
tion of the NF-«xB signaling pathways in RCC cells. Then,
786-0-shGFP and 786-O-shCARDIO cells were treated
with EGF (10 ng/ml) for 0, 15 and 30 min; 786-O-shGFP
cells were used as a negative control group. Western blot
analysis showed that there was a significantly higher

IkBa protein content and lower p-p65/p65 content in the
786-0O-shCARDI0 group compared with that in the nega-
tive control group when measured at the same time point
(P<0.05; Fig. 6B). These results demonstrated that CARDI0
knockdown inhibited the activation of the NF-kB signaling
pathway-related proteins in 786-0 cells. Similar results were
obtained when the experiments were repeated with ACHN
cells (Fig. 6C and D). NF-«xB activation in HK-2 cells and
RCC cells was further validated following prolonged EGF
(10 ng/ml) treatment. The results showed significantly higher
IkBa protein content and decreased p65 phosphorylation in
HK-2 cells than that in the RCC cells when measured at the
same time point (P<0.05; Fig. 6E).

Discussion

A previous study in the literature demonstrated that CARD10
expression in RCC is significantly higher than that in adjacent
non-cancerous tissues (15). In the present study, it was first
verified that CARDI0 was expressed at higher levels in RCC
cells than in normal renal tubular epithelial cells. Secondly,
because CARDIO has been found to promote the growth
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with EGF (10 ng/ml) for 0, 15 and 30 min. At the same treatment time, the experimental group had higher IkBa protein content and lower p-p65/p65 content
than the negative control group. The bar graph indicates relative expression of various proteins. "P<0.05, “P<0.01 vs. NC. (E) Normal HK-2 cells and RCC cell
lines were treated with EGF (10 ng/ml) for 0, 15 and 30 min. At the same treatment time, there was significantly higher IkBa protein content and lower p-p65
content in HK-2 cells than in the RCC cells. "P<0.05 vs. HK-2. CARDI10, caspase recruitment domain 10; EGF, epidermal growth factor; NC, negative control,
p, phosphorylated; RCC, renal cell carcinoma; sh, short hairpin (RNA).

of a variety of types of tumors, such as rectal (10), lung (11), of CARDIO in the proliferation and invasion of RCC. The
and breast cancer (13), the aim was to verify the involvement =~ ACHN and 786-O renal cancer cell lines were transfected
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with CARDI0 shRNA to silence CARDI0 expression. Finally,
the proliferative, invasive and migratory abilities of RCC cell
lines were examined after transfection with CARD10 shRNA
compared with a negative control. These results showed that
CARDIO promoted proliferation and invasion in two different
RCC cell lines.

NF-«B, which is a protein with multiple transcriptional
regulatory functions, participates in the transcriptional regula-
tion of genes related to inflammation, stress response, immune
cell activation, proliferation, differentiation, apoptosis and
tumorigenesis (23,24). NF-kB is activated via classical and
non-classical pathways, although the classical pathway is more
common (24). In the stationary state, NF-xB exists in the cell
cytoplasm in the inactive state combined with the inhibitor
IkB to form a trimer p50-p65-IkB. Following activation, IkB
is released from the p50-p65-IkB timer to form a p50-p65
dimer (25-27). Studies have shown that guanosine-binding
protein-coupled receptor (28), EGF receptor (28-30) and protein
kinase C (31) induce NF-«B activation (32). EGF consists of
53 amino acids and is characterized by its ability to promote
cell proliferation. EGF is the prototypical growth-promoting
cytokine, but also has well-established roles in stimulating
tumor-initiating stem cells and tumorigenesis (33). EGF
induces NF-kB activation in a variety of tumors, such as breast,
colon, non-small cell lung, and pancreatic cancers (34-37). To
verify EGF-induced NF-«B activation in RCC cells, a previous
study treated tumor cells with 10 ng/ml EGF (38). The results
showed a time-dependent decrease in IkB content and
increasing p-p65/p65 content. Therefore, it can be concluded
that EGF induces NF-kB activation in RCC cells. To further
demonstrate the ability of CARD10 to mediate EGF-induced
NF-«xB activation, CARD10 shRNA-transfected RCC cells
were treated with EGF. The results showed a significant
decrease in NF-«xB activation in the shRNA-transfected group
compared with that in the negative control group at the same
time point. As the expression of CARDI0 in RCC is higher
than that in normal renal tubular epithelial cells, the activation
of the NF-kB signaling pathway was further analyzed with the
prolongation of EGF treatment time. The results showed that
NF-kB activation in RCC cell lines was significantly higher
than that in normal renal tubular epithelial cells. Therefore,
it was concluded that CARD10 mediates NF-xB activation in
RCC cells.

In conclusion, the expression of CARDI0 was significantly
increased in RCC cells. Furthermore, CARDI10 promoted
proliferation, invasion and migration of RCC cells, while also
inhibiting the apoptosis of RCC cells via the regulation of the
NF-«B signaling pathway. This study preliminarily explored
the mechanism by which CARDI10 regulates the development
and progression of RCC. This information is important for the
early diagnosis of RCC and the design of targeted therapy.
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