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Abstract: Recent studies have revealed that ARHGEF7 is upregulated in many malignant tumors, but the underlying
molecular mechanisms to this response remain to be fully elucidated. In this study, we confirm that ARHGEF7 physi-
cally interacts with KLHL2, which was previously identified to be an E3 ubiquitin ligase. KLHL2 is capable of promot-
ing ARHGEF7 degradation via the ubiquitin-proteasome pathway. We identify that the Kelch domain of KLHL2 is
necessary for binding with ARHGEF7 and downstream activities. In addition, we find that ARHGEF7 is overexpressed
in clear cell renal cell carcinoma (ccRCC) specimens, and that the level of expression negatively correlates with that
of KLHL2. Moreover, we utilize knockdown loss-of-function assays to demonstrate that ARHGEF7 in 786-0 and A498
cell lines can act as a regulator of cell proliferation, migration and invasion, and that these effects can be reversed
by KLHL2 inactivation. Taken together, our data suggest that ARHGEF7 is a putative oncogene that functions via
an interaction with KLHL2, and control of ARHGEF7 can be a potential future target to inhibit tumor progression.
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Introduction

Renal cell carcinoma (RCC) is the third most
common urologic cancer worldwide, and has
characteristics of both high morbidity and mor-
tality rates [1, 2]. Patients with clear cell renal
cell carcinoma (ccRCC) typically display insidi-
ous early and few symptoms, making it difficult
to detect using conventional techniques. Many
patients show a localized progression or dis-
tant metastasis when they are initially diag-
nosed with RCC [3]. Traditional treatment
options have had little to no effect for patients
with advanced kidney cancer, and targeted
agents, such as sorafenib and sunitinib, have
only shown slight improvements to survival [4].
Therefore, there is an urgent need to explore
additional diagnostic and prognostic markers
for the treatment of ccRCC.

The Rho guanine nucleotide exchange factor 7
(ARHGEFT7), also known as BPix (Pax-interacting

exchange factor beta) or Cooll (Cloned out of
library 1) has multiple functional domains,
including the Src homology 3 (SH3) domain, the
DBL and plekstrin homology (DH-PH) domain,
and the calponin homology (CH) domain [5].
ARHGEF7 has been shown to play an important
role in protein polymerization in the trans-Golgi
network (TGN) [6]. A previous study has ana-
lyzed the single nucleotide polymorphism (SNP)
array of colon cancer to shows that ARHGEF7 is
upregulated in metastatic tumor compared to
primary tumor [7]. Moreover, others have shown
that ARHGEF7 plays an important role in cell
migration through the regulation of cytoskele-
ton remodeling and interactions with a variety
of proteins, including Abl-interactor (Abi)-1 and
p21-activated kinase (PAK2) [8, 9]. ARHGEF7
promotes the extension of lamellipodia protru-
sion by polymerizing actin filaments [10] and
varying cell polarization for directed cell migra-
tion [11]. Furthermore, ARHGEF7 enhances cell
spreading by activating the FAK invigorating
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Table 1. siRNA oligos sequences

Gene sequence
si-Control 5’-ACAGACUUCGGAGUACCUGTT-3’
si-KLHL2#1 5’-GAACGAAUUAAGAAGUCAATT-3’

si-KLHL2#2 5’-GCAAAGAGAGUUAGAAUAATT-3’
si-ARHGEF7#1 5-GAGCUCGAGAGACACAUGGTT-3’
si-ARHGEF7#2 5-GGAUAUUAGUGUCGUGCAATT-3’

RAC1 protein [12]. Zhou et al. described previ-
ously that ARHGEF7 plays an important role in
the selective signaling of small G proteins and
interactions with the PR domain of many pro-
teins, which regulates cytoskeletal rearrange-
ments [13]. ARHGEF7 is highly expressed in
many tumors, and promotes the development
and metastasis of tumors such as breast can-
cer and colorectal cancer [14, 15].

Ubiquitination is a dynamic and reversible post-
transcriptional modification of proteins, result-
ing in regulation of protein levels [16]. The ubig-
uitination cascade requires three key compo-
nents: E1 ubiquitin-activating, E2 ubiquitin-
conjugating, and E3 ligase-catalyzing [17]. The
E3 ubiquitin ligases recognize specific sites for
ubiquitin attachment, which can be reversed by
deubiquitinating enzymes (DUB) [18]. Kelch-
like 2 (KLHL2), a member of the Kelch-related
superfamily, contains a BTB structural domain,
a BACK structural domain and a Kelch struc-
tural domain [19], and can specifically identify
substrate proteins WNK3 and NPCD [20, 21]. In
general, the Kelch-related superfamily of pro-
teins contains two main domains: a BTB/P0OZ
domain in the N-terminus and a Kelch repeat in
the carboxyl terminus [22]. A large number of
the BTB-Kelch proteins are believed to be com-
posed of distinct substrate adapters, enabling
the identification of a wide range of substrates
for ubiquitylation [23]. A previous study has
shown that KLHL2 is overexpressed in the
smooth muscle cells of arteries in mice, and
that Angll can rapidly decrease KLHL2 protein
levels by autophagy-induced degradation of
KLHL2, resulting in an increase in WNK3 levels
and downstream activation [24].

In this study, we demonstrate that ARHGEF7 is
a KLHL2-interacting protein, and a substrate
for ubiquitination and subsequent proteasomal
degradation to promote the neoplastic trans-
formation of ccRCC. Furthermore, our studies
reveal that this effect can be abrogated by
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KLHL2 depletion in ccRCC cells. Therefore, we
present a functional insight into the under-
standing of the KLHL2-ARHGEF7 axis in the
development and tumorigenesis of ccRCC.

Materials and methods
Cell culture and transfection

786-0, A498 and 293T cells were obtained
from the American Type Culture Collection
(ATCC). 786-0 cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine
serum (FBS) 100 U/ml penicillin, and 100 ug/
ml streptomycin, and incubated in a 5% CO,
humidified incubator at 37°C. A498 and 293T
cells were cultured in DMEM medium supple-
mented with 10% FBS. All transient transfec-
tions were performed using Lipofectamine
2000 (Invitrogen) according to the manufactur-
er’'s instructions.

Expression constructs

The KLHL2 and ARHGEF7 cDNAs were ampli-
fied from 293T cDNA library, and subcloned
into pCMV-FLAG or pCMV-Myc expression vec-
tors, respectively. KLHL2 and ARHGEF7 mu-
tants as described were subcloned into pCMV-
FLAG expression vectors. All the constructs
were confirmed by DNA sequencing.

RNA interference

Non-specific control siRNA and siRNAs for
human KLHL2 and ARHGEF7 were purchased
from bio-tend. siRNAs transfection of cells was
performed. The siRNA oligos sequences were
listed in Table 1.

Antibodies

Commercially available antibodies for Western
Blotting were as follows: KLHL2 (NBP-02939;
NOVUS BB), ARHGEF7 (A1108, Abclonal), Myc
(9E10; Sigma), FLAG (M2; Sigma), HA (MM5-
101R; Millipore), and Actin (AC-74; Abclonal).

Immunoprecipitation

To immunoprecipitate the ectopically express-
ed Flag-tagged proteins, transfected cells were
lysed 24 h post-transfection in BC100 buffer.
The whole-cell lysates were immunoprecipitat-
ed with the monoclonal anti-Flag antibody-con-
jugated M2 agarose beads (Sigma) at 4°C over-
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Table 2. Sequence of primers

manufacturer’s protocol (Vaz-

Gene name Forward (5-3")

Reverse (5’-3)

yme). Briefly, the control or siR-

KLHL2 TAATACCGAAAAACACTGCC

NAs transfected cells were
seeded onto 96-well plates at
a density of 1000 cells per

TTCTAACTCTCTTTGCTCGG
ARHGEF7  CGCAAACCTGAACGGAAGCCTT GTTTTGGCGCTGGTGCAGTAAG

GAPDH GCACCGTCAAGGCTGAGAAC ~ TGGTGAAGACGCCAGTGGA

night. After three washes with Flag lysis buffer,
followed by two washes with BC100 buffer, the
bound proteins were eluted using Flag-Peptide
(Sigma)/BC100 for 3 h at 4°C. The eluted mate-
rial was resolved by SDS-PAGE. To immunopre-
cipitate the endogenous proteins, cells were
lysed with 1x cell lysis buffer (Cell Signaling),
and the lysate was centrifuged. The superna-
tant was precleared with protein A/G beads
(Sigma) and incubated with indicated antibod-
ies overnight. Thereafter, protein A/G beads
were applied, all at 4°C. After 2 h of incubation,
pellets were washed five times with lysis buffer
and resuspended in sample buffer and ana-
lyzed by SDS-PAGE.

Western blot

Cell lysates or immunoprecipitates were sub-
jected to SDS-PAGE and proteins were trans-
ferred to nitrocellulose membranes (GE He-
althcare). The membranes were blocked in Tris-
buffered saline (TBS, pH 7.4) containing 5%
non-fat milk and 0.1% Tween-20, washed twice
in TBS containing 0.1% Tween-20, and incubat-
ed with primary antibody for 2 h and followed by
secondary antibody for 1 h at room tempera-
ture. The proteins of interest were visualized
using ECL chemiluminescence system (Santa
Cruz).

Quantitative RT-PCR

Total RNA was isolated from transiently trans-
fected cells using the TRIzol reagent (Tiangen),
and cDNA was reversed-transcribed using the
Superscript RT kit (TOYOBO), according to the
manufacturer’s instructions. PCR amplification
was performed using the SYBR Green PCR
master mix Kit (TOYOBO). All quantization was
normalized to the level of endogenous control
GAPDH. The primer sequences were listed in
Table 2.

CCK-8 assay
Cell proliferation rate was determined using

Cell Counting Kit-8 (CCK-8) according to the
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well. During a 7-day culture
periods, 10 ul of the CCK-8
solution was added to cell culture once a day,
and incubated for 1 h. The resulting color was
assayed at 450 nm using a microplate absor-
bance reader (Bio-Rad). Each assay was car-
ried out in triplicates.

Cell migration and invasion assay

Cell migration was assessed using 24-well tran-
swell unit with polycarbonate membrane (pore
size, 8 ym) (Corning) according to the manufac-
turer’'s protocol. The membrane was coated
with Matrigel basement membrane matrix (1
pg/ul) (BD Bioscience) for 24 h. Then Cells (0.5-
2.5x10% were seeded into the upper chamber
in a serum-free medium. The lower chamber
was filled with a medium containing 10% FBS.
After 24 h of incubation, the cells in the upper
chamber were removed, and the cells were
fixed in 4% paraformaldehyde, stained with
crystal violet for 20 min. After being washed
with water three times, digital images were
obtained from the membranes, and cell areas
were selected using Scan Scope CS system
(Aperio Technologies). The migrating cells were
quantified in five randomly selected fields in
each membrane, and the average value was
defined as a migration or invasion index on
three independent membranes. For invasion,
the membranes utilized were Matrigel-coated
invasion chambers (BD Biosciences) that were
pre-hydrated in serum-free medium.

Immunohistochemistry

Tissue microarrays (TMAs) were made using
above 150 paired tissues in Shanghai Outdo
Biotech Company (Shanghai, China), including
tumor and adjacent normal tissues. The immu-
nohistochemistry (IHC) was performed by the
streptavidin-peroxidase method (Zymed Labo-
ratories Inc., San Francisco, CA, USA). The
KLHL2 antibody was purchased from NOVUS
(NBP2-17080, USA) and diluted into 1:2000.
The ARHGEF7 antibody was purchased from
Abclonal (A1108, China) and diluted into
1:1000. IHC score were determined by both the
intensity and percentage of tumor cell. An
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Figure 1. KLHL2 directly interacts with ARHGEF7 in the cytoplasm. A. 293T cells were co-transfected with Myc-
KLHL2 and FLAG-ARHGEF7 constructs. After 24 h, cell lysates were prepared for Co-IP with anti-FLAG antibody and
Western blotting. B. Similar Co-IP assay was performed between Myc-ARHGEF7 and FLAG-KLHL2. C. Western blot
and co-IP samples of anti-FLAG antibody obtained from 293T cells infected with expressing FLAG-KLHL2 or control.
The cells were treated with 20 uM MG132 for 8 h before harvesting. D. After treated with 20 yM MG132 for 4 h,
786-0 cell lysates were prepared for Co-IP with anti-ARHGEF7 antibody and Western blot analyses with indicated
antibodies. E. Similar Co-IP assay was performed with anti-KLHL2. F. Confocal microscopy of 786-0 cells stained
with ARHGEF7 and KLHL2 antibodies. DAPI (blue channel) represents nuclear staining. Red, green and blue chan-
nel images were captured by (LSM710, Zeiss).

intensity score of O to 3 was assigned for the software. A P < 0.05 was considered statisti-
intensity of tumor cells (O, none; 1, weak; 2, cally significant.

intermediate; 3, strong). A proportional score

was given by the estimated proportion of posi- Results

tive tumor cells in percentage. To assess the

average degree of staining within a tumor, mul- ARHGEFT interacts with KLHL2

tiple regions were analyzed, and at least 100
tumor cells were assessed. The cytoplasmic
expression was assessed by H-score system.
The formula for the H-score is: Histoscore = (I
x Pi), where | = intensity of staining and Pi =
percentage of stained tumor cells, producing a
cytoplasmic score ranging from O to 200. The
scoring was independently assessed by two
assessors (AWHC and JHMT) who were not
aware of the clinical outcomes.

We initially searched for ARHGEF7-associated
proteins to identify interacting partners in cells.
The Proteomic database identified that KLHL2
is co-purified in a complex with ARHGEF7
(https://www.ncbi.nlm.nih.gov/gene/8874). To
verify whether KLHL2 is an authentic bona fide
ARHGEF7 interactor, myc-KLHL2 and FLAG-
ARHGEF7 constructs were co-expressed in
293T cells, followed by co-immunoprecipitation
(Co-IP) with an anti-FLAG antibody. As shown in

Statistical analysis Figure 1A, myc-KLHL2 is immunoprecipitated

by FLAG-ARHGEF7, suggesting an exogenous
Data were expressed as the means + SEM. All interaction between these two proteins. Com-
experiments were carried out with three or plementary results were obtained to show that
more replicates. Statistical analyses were per- FLAG-KLHL2 was immunoprecipitated by myc-
formed by Student’s t-test for most studies, ARHGEF7 (Figure 1B). FLAG-KLHL2 was also
and performed by using GraphPad Prism v7.0 capable of immunoprecipitating endogenous
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Figure 2. Identification of the region in KLHL2 that required for KLHL2-mediated ARHGEF7 protein degradation. A.
Schematic representation of KLHL2 deletion mutants used in the study. B. 293T cells were co-transfected with Myc-
ARHGEF7 and the indicated plasmids. Cell lysates were prepared and subjected to immunoprecipitation using the
anti-FLAG antibody, followed by WB analyses with the indicated antibodies. C. Ectopically expressed the indicated
plasmids promoted endogenous ARHGEF7 protein degradation. D. 293T cells were transfected with FLAG-ARHGEF7
and the indicated plasmids (Myc-KLHL2 WT, M1, M2, and M3) in dose-dependent manners. 24 h after transfection,
cells were harvested for WB analyses. E. The quantification of immunoblot is shown in the lower panel. The mean
values (S.D.) of three independent experiments are shown.

ARHGEF7 (Figure 1C). Endogenous KLHL2 pro-
tein was immunoprecipitated by ARHGEF7, sug-
gesting endogenous binding between these
two proteins (Figure 1D). In like manner, we
performed immunoprecipitation using anti-
KLHL2 antibody in cell lysates isolated from
786-0 cells, suggesting KLHL2 can interact
with ARHGEF7 at the endogenous level (Figure
1E). To investigate whether KLHL2 co-localizes
with ARHGEF7 in vivo, 786-0 cells were immu-
nostained with KLHL2 and/or ARHGEF7 anti-
body, and visualized by confocal microscopy. As
shown in Figure 1F, KLHL2 and ARHGEF7 were
co-localized in the cytoplasm. Taken together,
these results indicate that KLHL2 forms a pro-
tein complex with ARHGEF7 in cells.

KLHL2 degrades ARHGEF7 via the Kelch do-
main

KLHL2 consists of three structural domains: a
CUL3-binding BTB domain, a BACK domain at

3349

the C-terminus, and an ubiquitin substrate-
binding Kelch domain at the N-terminus [19]. To
identify the interacting domain with ARHGEF7,
we constructed three deletion mutants of
KLHL2 corresponding to the structural domains
respectively, which are named the M1, M2, and
M3 plasmids (Figure 2A). We performed a Co-IP
assay to detect the ability of the overexpressed
ARHGEF7, either the wild type (WT) or the three
deletion mutants, to still function and bind to
ARHGEF7 in 293T cells. As shown in Figure 2B,
full-length KLHL2 (KLHL2-WT), M1, and M2 all
efficiently interacts with ARHGEF7, but the
binding was abrogated completely with M3.
Based on these observations, we sought
to verify that the N-terminal Kelch region of
KLHL2 is required for its interaction with
ARHGEF7 in vivo. We initially evaluated whether
KLHL2-mediated ubiquitination could promote
ARHGEF7 degradation. As expected, ectopic
expression of wild-type KLHL2 (WT) or the M1
and M2 mutants effectively reduced ARHGEF7

Am J Cancer Res 2020;10(10):3345-3357
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Figure 3. The KLHL2-CUL3-ROC1 complex targets ARHGEF7 for ubiquitination. A. KLHL2 regulates ARHGEF7 protein
level through the ubiquitin-proteasome pathway. 293T cells were transfected with FLAG-ARHGEF7 and increasing
amounts of Myc-KLHL2 constructs. Twenty-four hours after transfection, cells were treated with 20 yM MG132,
Bortezomib 100 mM, MLN4924, or DMSO for 6 h before cell lysates were prepared for WB analyses. B. Western
blot of the indicated proteins in cell lysates from 786-0O cells transfected with siRNAs and control. C. 786-0 cells
were transfected with the control or two independent KLHL2 siRNAs, respectively, 48 h after transfection, cells were
harvested for gRT-PCR analysis. GAPDH was used for normalization. The mean values (S.D.) of three independent
experiments are shown. D, E. KLHL2 knockdown prolonged the half-life of ARHGEF7 protein. 786-0 cells were trans-
fected with control or KLHL2 siRNA, 48 h after transfection, 786-0 cells were treated with 30 uM cycloheximide for
the indicated periods. Cells were harvested for Western blotting analyses. F. Western blot of indicated proteins in
cell lysates from 786-0 cells transfected with indicated siRNAs. G. KLHL2 was depleted by siRNAs in 293T cells tran-
siently expressing HA-Ub and FLAG-ARHGEF7. FLAG-ARHGEF7 protein was immunoprecipitated and subjected to WB
analyses. H. Western blot of the products of in vitro ubiquitination assay performed by incubating the reconstituted
KLHL2-CUL3-ROC1 E3 ligase complex with E1, E2, Ub, and His-ARHGEF7 at 30°C for 2 h. |. The indicated plasmids
were transfected into 293T cells. Twenty-four hours after transfection, cells were treated with 20 uM MG132 for 6
h. ARHGEF7 proteins were immunoprecipitated with anti-Flag antibody and analysed by WB.

protein expression, but the M3 mutant had no ubiquitin proteasome pathway. Myc-KLHL2 and
effect on co-expressed ARHGEF7 (Figure 2C). Flag-ARHGEF7 were co-transfected into 293T
Furthermore, KLHL2-WT, M1, and M2, but not cells, followed by treatment with DMSO,
the M3 mutant, promoted ARHGEF7 degrada- MG132, Bortezomib or MLN4924. MG132,
tion in a dose-dependent manner, indicating Bortezomib and MLN4924 all inhibited the
that the Kelch domains is required for KLHL2- change in expression level of the ARHGEF7 pro-
mediated ARHGEF7 degradation (Figure 2D, tein (Figure 3A). Next, we depleted endogenous
2E). This result validates our conjecture that KLHL2 protein levels with two specific sSiRNAs
the C-terminal Kelch domain of KLHL2 is essen- in 786-0 cells, and observed that ARHGEF7
tial for its interaction with ARHGEF7 protein. protein was significantly up-regulated (Figure

3B). To exclude the possibility that this was a
ARHGEFT7 is a substrate for KLHL2-dependent transcriptional effect, we measured mRNA lev-
ubiquitination els of KLHL2 and ARHGEF7 in 786-0 cells. In

contrast to the significant decrease in KLHL2
We next sought to investigate whether KLHL2 mRNA levels, ARHGEF7 mRNA levels in si-
regulated the protein levels of ARHGEF7 via the KLHL2 786-0 cells stayed relatively similar to
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that of controls (Figure 3C), suggesting that the
effect of KLHL2 on ARHGEF7 was not mediated
at the mRNA level. Further results showed that
knockdown of KLHL2 could significantly extend-
ed the half-life of endogenous ARHGEF7 pro-
tein, and stabilize the levels of the ARHGEF7
protein (Figure 3D, 3E). Therefore, we propose
that KLHL2 regulates ARHGEF7 expression
levels at the protein stage. By knocking down
Cull, Cul2 and Cul3, Cul4, Cul5 or ROC1 in
786-0 cells, we found that the protein expres-
sion level of ARHGEF7 was significantly up-reg-
ulated after Cul3 was knocked down, while the
expression level of ARHGEF7 was not changed
by the change in expression of other Culling
family proteins (Figure 3F). Therefore, we be-
lieve that in the Culling family, only Culling 3
directly mediates the ARHGEF7 levels through
the ubiquitin-dependent proteasomal activity.
To further identify whether ARHGEF7 was
degraded through KLHL2-mediated poly-ubig-
uitination, we note that little or no ARHGEF7
polyubiquitination was observed by knocking
down KLHL2 (Figure 3G). We show that the
KLHL2-CUL3-ROC1 complex catalyzed ARHG-
EF7 ubiquitination in vitro (Figure 3H). Following
HA-ubiquitin and FLAG-ARHGEF7 co-expres-
sion in 293T cells with different doses of
KLHL2-WT, M1, M2 or M3, we note that the
ARHGEF7 protein was robustly polyubiquitinat-
ed by KLHL2-WT, M1, M2, but not the M3
mutant in a dose-dependent manner (Figure
3l). Taken together, these data demonstrate
that the KLHL2-CUL3-ROC1 E3 ubiquitin ligase
complex regulates ARHGEF7 protein stability
through the ubiquitin-dependent proteasomal
degradation pathway.

KLHL2 suppresses renal cancer cell growth,
migration and invasion in an ARHGEF7-
dependent manner

Accumulating evidence suggests that ARHGEF7
expression is upregulated in various types of
human cancers [14, 25, 26]. Because of this,
we were keen to identify whether ARHGEF7 is
an important mediator of a KLHL2 depletion-
induced malignant transformation in 786-0
and A498 cells. As determined by the CCK-8
assay, the growth rate of ARHGEF7-depleted
786-0 and A498 cells was slower that of the
control cells, while depletion of KLHL2 could
markedly promote cell growth and the pheno-
types, which can be rescued by ARHGEF7 co-

3351

depletion (Figure 4A, 4B). Similarly, cell migra-
tion and invasion were performed using a
trans-well assay. Knockdown of KLHL2 resulted
in a significant increase in the migration and
invasion of 786-0O and A498 cells, but these
effects were reversed by ARHGEF7 inactivation
(Figure 4C-F). Therefore, we hypothesize that
KLHL2 may play negative roles in cell prolifera-
tion, migration, and invasion of 786-0O and
A498 cells at least in part by downregulating
ARHGEF7 expression.

KLHL2 protein is negatively correlated with
ARHGEF7 in ccRCC patients

We next analyzed the expression of KLHL2 and
ARHGEF7 by immunohistochemistry (IHC) in
human renal cancer specimens obtained from
a cohort of patients (n = 72, normal renal tissue
and cancer tissue specimens). IHC staining
was evaluated by measuring both the percent-
age of positive cells and staining intensity
(Figure 5A). ARHGEF7 was remarkably overex-
pressed in renal cancer tissues compared to
normal tissue. In contrast, KLHL2 was ex-
pressed at a lower level in tumor tissues (Figure
5B). We next evaluated the association of
expression levels with clinical pathological
characteristics, including tumor stage (stage
I+1l vs stage llI+1V) and differentiation (G1+G2
vs G3+G4). As shown in Figure 5C, 5D, a
strong correlation was seen between ARHGEF7
expression and tumor stage (P = 0.0142) or
differentiation (P = 0.0007); however, KLHL2
protein was not correlated to tumor stage (P =
0.0932) and differentiation (P = 0.1215).
Furthermore, the protein expression levels of
KLHL2 and ARHGEF7 were negatively correlat-
ed with clinical stage renal cell carcinoma sam-
ples from an analysis of expression in KLHL2
and ARHGEF7 levels in 72 paired tissues from
ccRCC patients by immunohistochemistry.
Clinical and pathologic characteristics of the
patients are shown in Table 3. In the 72 paired
ccRCC cases, ARHGEF7 protein was greatly
overexpressed in 59.7% of tumor tissues, and
KLHL2 was found to be under-expressed in
70.89% of tumor tissues (Figure 5E). Moreover,
statistical analysis indicated that ARHGEF7
was negatively correlated with KLHL2 expres-
sion in this cohort of patient samples (r=-
0.3532, P=0.0023) (Figure 5F). These data
suggest that ARHGEF7 and KLHL2 protein lev-
els are negatively correlated in human renal
cell carcinoma specimens.
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Figure 4. KLHL2 suppresses cell proliferation, migration and invasion partially dependent on ARHGEF7. A, B. West-
ern blot (left panel) and cell proliferation assay (right panel) of 786-0 and A498 cells transfected with control or
indicated siRNAs. Standard deviation (S.D.) of at least three independent experiments is shown to indicate statisti-
cal significance. * represent P < 0.05. C-F. 786-0 and A498 cells were transfected with control or indicate siRNAs.
Migration and invasion assays were performed using Trans-well chambers without or with Matrigel as described
before. Representative images of cell migration and invasion assays were shown on the upper panel, and the quan-
titative analysis is shown on the lower panel. The mean values (S.D.) of three independent experiments are shown

(*, P <0.05).
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Figure 5. ARHGEF7 and KLHL2 protein are negatively correlated in renal cancer specimens. A. Representative im-
ages of IHC analysis of ARHGEF7 and KLHL2 protein expression on tissue microarray (n = 72 paired renal cancer
tissue specimens). B. Box plots of ARHGEF7 and KLHL2 protein expression based on their staining index in paired
tumor tissue and normal renal tissues. C, D. Box plots of ARHGEF7 and KLHL2 protein expression based on their IS
in renal cancer specimens at different clinical stages. E. KLHL2 and ARHGEF7 staining patterns in 72 paired ccRCC
cases. F. Correlation analysis of the IS of expression levels of ARHGEF7 and KLHL2 proteins in human renal cancer

specimens.

Table 3. Patient characteristics and clinicopathological factors by KLHL2 and ARHGEF7 expression

pvalue  ARHGEF7 high  ARHGEF7 low p value

KLHL2 high KLHL2 low

No. of patients 21 (29.1%) 51 (70.9%)
Age

>60 7 (33.3%) 22 (43.1%)

<60 14 (66.7%) 29 (56.9%)
Gender

Male 16 (76.2%) 30 (58.8%)

Female 5 (23.8%) 21 (41.2%)
Size

>4 cm 18 (85.7%) 41 (80.4%)

<4 cm 3 (14.3%) 10 (19.6%)
Primary T stage

Low (pT1/pT2) 17 (81.0%) 35 (68.6%)

High (pT3/pT4) 4 (19.0%) 16 (31.4%)
TNM stage

Low (pT1/pT2) 17 (81.0%) 32 (62.7%)

High (pT3/pT4)
Fuhrman grade

4 (19.0%) 19 (37.3%)

43 (59.7%) 29 (40.3%)

0.739 0.704

19 (44.2%)
24 (55.8%)

10 (34.5%)
19 (65.5%)

0.130 0.492
27 (62.8%) 19 (65.5%)
16 (37.2%) 10 (34.5%)

0.434 0.430
36 (83.7%) 23 (78.3%)
7 (16.3%) 6 (20.7%)

0.223 0.026
16 (37.2%) 25 (86.2%)
27 (62.8%) 4 (13.8%)

0.108 0.024
25 (58.1%) 24 (82.8%)
18(41.9%) 5 (17.2%)

0.015 0.000

Low (G1/G2) 19 (90.5%) 32 (62.7%) 24 (55.8%) 27 (93.1%)
High (G3/G4) 2 (9.5%) 19 (37.3%) 19 (62.8%) 2 (6.9%)
Discussion change of shifting from ARHGEF7 to FA, which

ARHGEF7, a guanine nucleotide exchange fac-
tor of Rho GTPases, is a novel tumor initiator
with increased expression in a variety of tumor
types, including lung, breast and colon cancers
[14, 25, 26]. Previous studies have showed that
properties of ARHGEF7 promoted the invasion
and metastasis of colorectal adenocarcinoma,
which is in accordance with the involvement of
ARHGEF7 in cell migration and metastasis to
other malignancies [25, 27]. However, the role
of ARHGEF7 in ccRCC remained unknown. In
this study, IHC analysis showed that ARHGEF7
was overexpressed in renal cancer tissues,
compared with that of paired normal tissues.
ARHGEF7 functions as an oncogene in cell
migration, mobility, attachment and cell spread
in vivo [10, 28, 29]. Lee et al. has shown that
ARHGEF7’s regulation in the separation of bun-
dled actin filaments is restricted [30]. The
depletion of bundled actin filaments leads to a

3354

increases actin polymerization and therefore
increasing cell mobility [10]. Several reports
have utilized mutational analyses to show that
ARHGEF7 is important for neurite outgrowth,
and that its overexpression causes an increase
in neurogenesis [31-33].

In this study, we identify the ubiquitination of
ARHGEF7 protein to be regulated by the E3
ligase KLHL2. Wild type KLHL2 recognizes and
promotes ARHGEF7 ubiquitination proteasom-
al degradation. However, truncations of KLHL2
are defective in ARHGEF7 protein degradation
and ubiquitination, suggesting the crucial role
of certain domains. KLHL2 is a member of the
BTB-Kelch protein family, which was recently
described to be components of the multi-pro-
tein complex known as Culling RING E3 ubiqui-
tin ligases (CRL). CRLs serve to identify and tag
proteins for ubiquitination [34-36]. Although
KLHL2 is predominantly expressed in brain tis-
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sue [25], little is known about its role in ccRCC
[37]. Based on analysis of the cancer genome
atlas database, KLHL2 mRNA expression was
down-regulated in ccRCC compared with that
of normal tissue, while the expression of
ARHGEF7 was flipped. Immunohistochemistry
analysis also revealed that the expression lev-
els of KLHL2 and ARHGEF7 are of inverse cor-
relation in ccRCC. These studies indicate that
KLHL2 is poorly expressed in ccRCC.

In summary, our results support the notion that
ARHGEF7 functions as an oncogene in ccRCC.
Future studies could lead to potential treat-
ments that exploit the targeting of ARHGEF7 in
ccRCC.
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