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Abstract: Previous study found that higher Capn4 mRNA level is observed in patients with more advanced patho-
logical stage of ccRCC and is also associated with decreased overall survival of patients with ccRCC. However, the
mechanism by which Capn4 promotes progression of RCC is not understood. In the present study, we found that
over-expression of Capn4 in RCC cells enhances tumor cell growth and down-regulation of Capn4 in RCC cells de-
creases tumor cell growth in vitro. Interestingly, Capn4 was found to increase phosphorylation of specific tyrosine
residues of FAK and subsequent activate NF-kB p65 phosphorylation. Furthermore, Capn4-mediated cell prolifera-
tion of RCC cells required up-regulation of NF-kB p65 phosphorylation through activation of FAK signaling pathway.
Taken together, our data showed that Capn4 can contribute to RCC growth via activation of the FAK and the down-
stream signaling pathways leading to the activation of NF-kB.
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Introduction

Renal cell carcinoma (RCC) is a universal tu-
mor of the urological system, ranking second
in urological cancer mortality and representing
approximately 4% of all adult malignances [1].
In the recent decades, the incidence of RCC
has been steadily rising by 2-4% each year [2].
The incidence of RCC in Asia is lower than in
US and Europe, while the mortality-to-incidence
ratio is much higher in Asia than in the devel-
oped nations [3, 4]. In China, limited studies
showed there is obvious increment of the RCC
morbidity in recent years with the increasing
of early diagnosed cases [5, 6]. The five years’
survival rate of the latter group is under 10%,
even though the FDA recently approved new
drugs targeting specific pathways (tyrosine-ki-
nase inhibitors/mTOR-inhibitors), which is avail-
able for RCC [3]. The underlying mechanisms
for RCC progression are still not fully under-
stood and no molecular strategies are current-
ly recommended for routine clinical use to
improve risk stratification of patients with RCC.

Clear cell renal cell carcinoma (ccRCC) is the
most common subtype characterized by high
metastatic potential and resistance to tradi-
tional radiotherapy and chemotherapy [7-9]. Th-
erefore, it is essential to explore the underlying
mechanisms for localized ccRCC to offer possi-
ble personalized therapy.

The calpains (Capns) are a family of proteases
that are widely expressed in lots of organisms
and have both ubiquitous and tissue-specific
isoforms [10, 11]. Calpain-mediated proteolysis
represents a major post-translational modifica-
tion pathway that influences various aspects
of cell physiology, including cell migration or
invasion, cell proliferation and apoptosis [12,
13]. Emerging evidence suggests that Capns
may be critical factors in tumor development,
progression and metastasis. Several calpain
members, such as Capn2 [14-17], Capn4 [18-
21], and Capn6 [22, 23] and Capn10 [24], have
been associated with oncogenesis in various
types of cancer. The results of our previous
study indicated that higher Capn4 mRNA levels
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are observed in patients with more advanced
pathological stage of ccRCC and were also
associated with decreased overall survival of
patients with ccRCC [25]. However, expression
of other isoforms of Capns was not found to be
associated with the invasive abilities of ccRCC
cells. Capn4 acts as a binding partner to form a
heterodimer with the large catalytic subunit
and is crucial for maintaining the activity of cal-
pain [26]. Disruption of murine Capn4 elimi-
nates the function of Capns [27]. It is also re-
ported that fibroblasts from the Capn4-/- mice
show a decreased migration rate and number
of focal adhesions, suggestive of a defect in
adhesion maturation and/or turnover [28]. To-
gether, these results strongly suggest a signi-
ficant role for Capn4 in tumor progression of
human cancer. However, the role of Capn4 in
tumor growth and the mechanism by which
Capn4 promotes progression of ccRCC are cur-
rently unknown. In this study, we studied the
effect of changes in the expression level of
Capn4 through RNA interference or over-expre-
ssion mediated by lentiviral vectors on the
growth and metastasis of RCC in vitro. We also
explored the signaling pathway in which Capn4
involves in the progression of RCC.

Materials and methods
Cell culture, treatment and transfection

Human (clear cell) renal cell carcinoma cell
lines (Caki-1, 786-0) were obtained from the
American Type Culture Collection (ATCC). Cell
lines were maintained in high glucose RPMI
1640 (786-0) or McCoy’'s ba (Caki-1) (all from
Gibco), supplemented with 10% fetal bovine
serum (FBS, Gibco), 2 mML-glutamine (Life Te-
chnologies). Other reagents used in the study
were as follows: recombinant human IL-6 (Pe-
protech), dimethyl sulfoxide (Sigma-Aldrich),
5-aza-2-deoxycytidine (Sigma-Aldrich), Stattic
(Selleck), MK-2206 (Selleck) and U0126 (Med-
chem Express).

Cell proliferation

Cell proliferation was analyzed by CCK8 assay.
In brief, cells were seeded in 96 well plates at a
density of 1000 cells per well and cultured for
24 h (as day 0), and then subjected to various
treatments in each four replicate wells. At the
indicated time points, each well was added
with 10 uL CCK8 reagent solution (Donjido),
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and incubated for 1 h. Optical density was de-
termined by a microplate reader at the absor-
bance of 450 nm. The CCK-8 experiments were
repeated four times.

Wound healing assay

5x10”5 cells are seeded in 6-well plates re-
spectively. A small wound area was made in
the 90% confluent monolayer by using a 200 pl
pipette tip in a lengthwise stripe. Cells were
then washed twice with PBS and incubated
in serum-free DMEM medium at 37°C in a 5%
CO, incubator for 24 hours. Photographs were
taken at the indicated time points.

Transwell invasion assay

The co-culture system was used to evaluate the
regulation of invasiveness in cells as described
in the previous study. In brief, the upper portion
of Transwell® inserts with an 8 um pore size
and a 6.5 mm diameter was coated with 20 pl
matrigel diluted 1:3 in serum-free DMEM and
incubated at 37°C for 4 hours. The coated
inserts were placed in the well of 24-well plate
with 600 pyl DMEM medium containing 10%
FBS in the bottom chamber. After 12 hours of
serum starvation the trypsinized cells respec-
tively, were harvested and diluted to a 11076/
ml cell suspension with serum-free DMEM
medium. Each cell suspension (200 pl) was
added to the upper chambers. After incubation
at 37°C for 24 hours in a 5% CO, atmosphere
the non-invading cells and gel were removed
from the upper chamber with cotton tipped
swabs. The cells were rinsed with PBS and cells
on the filters were fixed with methanol for 30
minutes and stained with crystal violet solution
(Sigma). The number of invading cells on the fil-
ters was counted in 5 random fields per filter
at 100x magnification in triplicate wells of each
group.

RNA isolation and gPCR

Total RNA was isolated using the RNeasy
kit (Qiagen), according to the manufacturer’s
instructions and was reverse-transcribed to
cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystem). cDNA
was synthesized by reverse transcription using
a fixed volume of RNA (2 uL) and the TagMan
Reverse Transcription kit (Life Technologies),
according to the manufacturer’s instructions.
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Figure 1. Capn4 promotes proliferation, migration, and invasion of RCC cells. A. Stable up- or down-regulation of
Capn4 expression in transfected RCC cell lines was confirmed by qRT-PCR. B, C. In the CCK8 assay, cell proliferation
was significantly increased after Capn4 over-expression (P<0.01) and significantly decreased after Capn4 shRNA
transfection (P<0.05). D. Wound-healing migration assays and the quantification of the percentage of open area
are shown. E. The invasion of cancer cells was measured by transwell Matrigel invasion assays; data are shown
are mean + SEM from three independent experiments. Statistical significance was assessed by Student’s t-test;
*P<0.05, **P<0.01, ***P<0.001; scale bar =100 ym.

Quantitative PCR reactions were performed in
triplicate on a 7900 HT fast real time PCR sys-
tem (Applied Biosystems), according to the
following program: 10 minutes at 95°C, 40
cycles of 15 seconds at 95°C and 60 seconds
at 60°C. Values were normalized to cel-miR-
39, analyzed by the comparative method of Ct
(244¢") and expressed in log, .

Western blotting

The total protein of cells was extracted using
RIPA buffer supplemented with protease inhibi-
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tor PMSF and phosphatase inhibitors NaF and
Na,VO, (Roche). Western blotting assay was
performed as previously described [25]. The
intensity level of each protein band was quan-
tified using Quantity One. The primary antibod-
ies were as follows: anti-Capn4 (1:1000), anti-
Talin (1:1000), anti-FAK (1:2000), anti-total-
FAK (1:1000) and anti-phospho-FAK (Tyr397,
1:2000) were from Abcam; anti-total-NF-kB (1:
1000) and anti-phospho-NF-kB (Ser536, 1:
2000) were from Cell signaling technology. All
protein expression experiments were repeated
three times.
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Figure 2. Capn4 activates FAK and NF-kB signaling pathways in RCC cells. A. Western blot analysis revealed that
the phosphorylation level of FAK is up-regulated in the Cakil-Capn4 group or down-regulated in the 780-O-shCapn4
group compared to the respective control cells. B. Western blot analysis revealed that the phosphorylation level
of NF-kB is up-regulated in the Cakil-Capn4 group or down-regulated in the 780-O-shCapn4 group compared to
the respective control cells. C. Cakil and 780-0O cells were transfected with an NF-kB-dependent reporter plasmid
(pBVIx-Luc) and NF-kB activation was determined by measuring relative luciferase activity 48 hours after treatment.
Luciferase activity is reported as arbitrary relative light units. Data are shown are mean + SEM from three indepen-
dent experiments. Statistical significance was assessed by Student’s t-test; **P<0.01, ***P<0.001.

Results

Capn4 promotes proliferation, migration, and
invasion of RCC cells

Our previous study has found that higher Capn4
MRNA levels is observed in patients with more
advanced pathological stage of RCC and were
also associated with decreased overall survival
of patients with RCC. Using western blotting,
we also found that Capn4 expression was high
in 780-0, and low in Cakil cells, which coincid-
ed with the invasiveness of these cells (data
not shown). To investigate the role of Capn4 in
RCC, up-regulation of Capn4 in Cakil cells (Fig-
ure 1A) caused significant increasing of cell
proliferation (Figure 1B). Similarly, down-regula-
tion of 780-0 cells by small hairpin RNA (Figure
1A) caused markedly decreasing of cell prolif-
eration (Figure 1C). In vitro, migration assays
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showed that the distance of migrated Cakil-
Capn4 cells was significantly higher than the
distance of migrated Cakil-Mock cells (P<0.05;
Figure 1D). Similarly, the distance of migrated
780-0-shCapn4 cells was significantly less
than those of 780-0 -Mock cells (P<0.05; Fig-
ure 1D). The results of the cell invasive assays
revealed that there was an apparent change
in migration and invasive ability of Cakil and
780-0 cells transfected with Capn4 or Capn4
shRNA (Figure 1E). These results suggest that
Capn4 could contribute to proliferation, migra-
tion and invasion of HCC cells.

Capn4 activates FAK and NF-kB signaling path-
ways in RCC cells

It is reported that Capn4 contributes to tumor
growth and metastasis of hepatocellular carci-
noma by activation of the FAK signaling path-
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Capn4 in human renal cancer

A - CAPN4 ” Y-397-FAK
£ 2 *% sk
- 3 % _— 2
DMSO PF573228 ;g £z
T——— e 2 3 52
Ctrl CAPN4 Ctrl CAPN4 £ £3
s ¥
— — — s 0 ki
o % ASOI-FAK & Ctrl CAPN4 Ctrl CAPN4 2 Ctrl CAPN4 Src shCAPN4

I < -1« FAK P NFAB pes

s =
) 2 2 sk %k
| p - < pNFxBp6s 2 2.0 z 4
: : e T £ £x
e 15 =2 3
TC 1.0 £v2
GAPDH E2 s
00 0
& Ctrl CAPN4 SrcshCAPN4 2 Ctrl CAPN4 Src shCAPN4
B C Caki-1
= =%+ CAPN4+PF573228
£ _ 5 *% %k % 0.8
TE " 7 % -k- Ctri+PF573228
:é 4 9 0.6 %= CAPN4+DMSO
£23 £ 04 % . - Ctr+tDMSO
— - — . - =
z82 NS =
EF =02
=] >
o= —
s =0 E 0-0 T T T T
e Ctrl  CAPN4 - Ctrl CAPNA &) 0 24 48 72

Time (hours)

DMSO PF573228

Figure 3. FAK phosphorylation is crucial to the Capn4 induced NF-kB activation and enhanced RCC cells prolifera-
tion. A. Western blot analysis revealed that the up-regulated phosphorylation levels of FAK and NF-kB in the Cakil-
Capn4 group are completely abolished with PF573228 treatment (2.5 uM for 12 h) compared to the respective
control cells. B. Cakil was transfected with an NF-kB-dependent reporter plasmid (pBVIx-Luc) and NF-kB activation
was determined by measuring relative luciferase activity 48 hours after treatment. Luciferase activity is reported
as arbitrary relative light units. C. Inhibition of FAK phosphorylation using a PF573228 (2.5 uM for 12 h) in Cakil
cells abolished the increase in cancer cell growth by Capn4 over-expression; data are shown are mean + SEM
from three independent experiments. Statistical significance was assessed by Student’s t-test; P<0.05, **P<0.01,
***%P<0.001.

way [21]. Meanwhile, FAK is reported to acti- ulated in 780-0-shCapn4 cells compared to re-
vate NF-kB signaling pathway [29, 30]. To ex- spective controls. These results suggested that
plore the molecular mechanism by which Cap- FAK and NF-«kB signaling pathways might play
n4 contributes to RCC progression and metas- critical roles in Capn4-enhanced RCC cells pro-
tasis, we evaluated the changes in the pro- liferation and progression.

tein levels of phosphorylated FAK and NF-«kB in

transfected RCC cells using western blotting. FAK phosphorylation is crucial to the Capn4
Impressively, the level of Tyr387-phosphorylated induced NF-kB activation and enhanced RCC
FAK (Figure 2A) and Ser536-phosphorylated cells proliferation

NF-kB (Figure 2B) were significantly up-regulat-

ed in Cak1-Capn4 cells, while down-regulated To determine the association of FAK phosphor-
in 780-0-shCapn4 cells compared to respec- ylation and Capn4-induced NF-kB activation,
tive controls, which coincided with Capn4 ex- we tested whether FAK pathway was essential
pression and the invasiveness of these cells. for NF-kB activation. Inhibition of FAK phosph-
Furthermore, we tested the activity of NF-kB orylation using a FAK inhibitor (PF573228) in
using a NF-kB reporter and validated that the Cakil cell did no change on the expression
activity of NF-kB signaling pathway was also up- level of Capn4, while significantly reduced the
regulated in Cak1-Capn4 cells, while down-reg- phosphorylation of FAK (Figure 3A) and NF-kB
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Figure 4. NF-kB activation is critical to the Capn4 enhanced RCC cells proliferation. A. Western blot analysis revealed
that the up-regulated phosphorylation levels of FAK and NF-kB in the Cakil-Capn4 group, while only the phosphory-
lation of NF-kB is completely abolished with QNZ treatment (3 uM for 24 h) compared to the respective control cells.
B. Western blot analysis revealed that the down-regulated phosphorylation levels of FAK and NF-«kB in the 780-0-
shCapn4 group, while the phosphorylation level of NF-kB is further decreased with QNZ treatment (3 uM for 24 h)
compared to the respective control cells. C. Inhibition of NF-kB phosphorylation using a QNZ (3 uM for 24 h) in Cakil
cells abolished the increase in cancer cell growth induced by Capn4 over-expression, and NF-«kB inhibitor alone
or combined with Capn4 shRNA led to a similar decrease in 780-0O cell growth with Capn4 shRNA alone; data are
shown are mean + SEM from three independent experiments. Statistical significance was assessed by Student’s
t-test; P<0.05, **P<0.01, ***P<0.001.

(Figure 3B). We also found that inhibition of FAK in elevated activity of NF-kB signaling pathway
phosphorylation in Cakil-Capn4 cells resulted and abolished the increase in proliferative po-
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tential produced by Capn4 over-expression (Fig-
ure 3C). These results demonstrated that Cap-
n4 activates NF-kB signaling pathway and stim-
ulate RCC proliferation through activating the
FAK signaling pathway.

NF-KB activation is critical to the Capn4 en-
hanced RCC cells proliferation

We investigated whether the NF-kB pathway
play critical roles in the promotion of growth
of RCC cells mediated by Capn4. Inhibition of
NF-kB using a specific inhibitor (QNZ) in Cak1
cell did no change on the expression levels of
Capn4 and the phosphorylation of FAK, while
completely abolished the Capn4 induced phos-
phorylation of NF-kB (Figure 4A). Similarly,
Inhibition of NF-kB by QNZ in 780-0 cell did no
change on the expression levels of Capn4 and
the phosphorylation of FAK, while further inhib-
ited the level of phosphorylated NF-kB (Figure
4B). Meanwhile, inhibition of NF-kB phosphory-
lation completely abolished the Capn4 enhan-
ced cell proliferation in Cakil cell and the Cap-
n4 down-regulation decreased cell proliferat-
ion in 780-0 cell (Figure 4C). Collectively, the
results suggested that Capn4 activates FAK
phosphorylation and subsequently activates
NF-kB signaling pathway to promote the cell
proliferation of RCC cells.

Discussion

ccRCC is the most aggressive subtype of com-
mon RCC and it is lethal when metastatic [6-8].
Capn4 was identified to be a promising bio-
marker for metastatic RCC [25], however, the
possible mechanism of Capn4 regulating RCC
progression is largely unknown. Furthermore, it
is important to develop prognostic markers for
localized ccRCC. Capn4 has been suggested to
be a valuable prognostic marker for metastatic
and localized ccRCC in our previous study [25].
The underlined mechanism by which Cpan4
involves in localized ccRCC is required to be
validated. In the present investigation, we iden-
tified a novel mechanism that Capn4 controls
RCC progression by promoting RCC cell prolif-
eration via activation of FAK and NF-kB path-
way. Although numerous descriptive studies
suggested that Capn4 expression correlates
with tumor aggressiveness in a variety of ma-
lignancies, the role of Capn4 in modulating tu-
mor cellular functions was poorly understood.
To our knowledge so far there was no report
on mechanisms underlying Capn4 regulation of
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RCC progression. Our data showed that Capn4
promotes RCC cell proliferation, which was con-
sistent with previous findings of Capn4 in RCC
[25]. Intriguingly, we identified that Capn4 acti-
vates FAK signaling pathway and Capn4 pro-
motes RCC cell proliferation through FAK sig-
naling pathway. FAK is a non-receptor tyrosine
kinase found at focal adhesions, which are
sites of integrin clustering at the cell-extracellu-
lar matrix interface, where it provides both sig-
naling and scaffolding functions. FAK is acti-
vated in a range of tumor cells, and its increa-
sed activity correlates with the malignancy and
invasiveness of human RCC and other tumors.
The observation that there is a direct inter-
action between Capn4 and FAK may provide
an explanation for the role of Capn4 in RCC
progression.

Another important finding in this study is the
discovery of a crucial role of NF-kB in the FAK
signaling pathway mediating RCC progression.
FAK phosphorylation activates NF-kB pathway
in RCC cells and Capn4 promotes RCC cell
migration through NF-kB pathway. The NF-kB
family consists of five members: RelA (p65),
RelB, c-Rel, NF-kB1 (p105/p50) and NF-kB2
(p100/p52) [31]. The NF-kB pathway was re-
ported to be involved in almost all important
aspects of RCC progression including angio-
genesis, invasion, metastasis and multi-drug
resistance [32]. By immunostaining of p50 and
p65, there was a study suggesting a correlation
between invasion and metastasis of RCC and
the expression and activation of NF-kB [33].
However, the relationship between Capn4 and
NF-kB was not established. By inhibition of NF-
kB using QNZ which completely inhibited the
phosphorylation of p65, we demonstrated for
the first time that the NF-kB signaling pathway
was indeed upregulated by Capn4 and was
crucial to the Capn4 enhanced RCC cells pro-
liferation.

In summary, the present study demonstrated
that Capn4 contributes to RCC progression by
activation of FAK and subsequent activation of
NF-kB signaling pathway. These features of
Capn4 make it a potential therapeutic target in
RCC treatment.
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