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PLEKHO1 knockdown inhibits RCC cell viability in vitro and
in vivo, potentially by the Hippo and MAPK/JNK pathways
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Abstract. Renal cell carcinoma (RCC) is the most common
type of kidney cancer. By analysing The Cancer Genome
Atlas (TCGA) database, 16 genes were identified to be
consistently highly expressed in RCC tissues compared with
the matched para-tumour tissues. Using a high-throughput cell
viability screening method, it was found that downregulation
of only two genes significantly inhibited the viability of
786-0 cells. Among the two genes, pleckstrin homology
domain containing Ol (PLEKHOI) has never been studied in
RCC, to the best of our knowledge, and its expression level
was shown to be associated with the prognosis of patients with
RCC in TCGA dataset. The upregulation of PLEKHOI in
RCC was first confirmed in 30 paired tumour and para-tumour
tissues. Then, the effect of PLEKHOI on cell proliferation
and apoptosis was assessed in vitro. Additionally, xenograft
tumour models were established to investigate the function
of PLEKHOLI in vivo. The results showed that PLEKHOLI
knockdown significantly inhibited cell viability and facilitated
apoptosis in vitro and impaired tumour formation in vivo. Thus,
PLEKHOI is likely to be associated with the viability of RCC
cells in vitro and in vivo. Further gene expression microarray
and co-expression analyses showed that PLEKHO1 may be
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involved in the serine/threonine-protein kinase hippo and INK
signalling pathways. Together, the results of the present study
suggest that PLEKHOI may contribute to the development
of RCC, and therefore, further study is needed to explore its
potential as a therapeutic target.

Introduction

In 2018, kidney cancer is estimated to be diagnosed in
nearly 403,200 people worldwide and to lead to almost
175,000 cancer-related deaths according to the latest data
released by the International Agency for Research on
Cancer (1). The course of kidney cancer is commonly palliative
and uneventful without initial distinct clinical symptoms and
signs (2). Hence, patients fail to be diagnosed at the early stage
of cancer. For localized tumours, surgical excision by partial
nephrectomy or radical nephrectomy is now recognized as the
preferred choice of treatment, while for the patients who present
with metastatic or unresectable tumours, systemic treatment
is needed (3). Unfortunately, renal cell carcinoma (RCC),
especially clear cell (cc)RCC, which accounts for up to 90% of
all kidney cancers, originates from the proximal convoluted
tubule, which highly expresses multidrug resistant protein-1,
resulting in the high resistance of RCC to chemotherapy (4).
Although the development of drugs targeting neovascularization
or mammalian target of rapamycin (mTOR) improves
the survival of RCC patients, drug resistance inevitably
develops (5). Recently, checkpoint immunotherapy has shown
promise; however, the complete response rate still remains at
a low level (6). Therefore, it is imperative that insight into the
mechanisms underlying the development of RCC is gained and
that novel therapeutic targets to improve the prognosis of RCC
are identified.

The Cancer Genome Atlas (TCGA) was launched in 2005
with the aim of categorizing all genetic alterations contributing
to cancer formation and development to explore new clinical
therapies as well as diagnostic and preventive strategies.
By 2015, over 30 human tumour types had been incorporated
into the database, including RCC (7). By analysing the RCC
gene expression data in TCGA database and then performing
a high-throughput cell viability screening, the authors found
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that pleckstrin homology domain-containing family O
member 1 (PLEKHOI) was aberrantly expressed in tumour
tissue and probably contributed to tumour growth. PLEKHOI1
[also known as casein kinase (CK)2-interacting protein 1]
was originally identified as a novel CK2-binding protein and
has been shown to mediate the specific function of CK2 by
sequestering or recruiting CK?2 to the plasma membrane (8-10).
The PLEKHOI1 protein possesses multiple active sites,
including a pleckstrin homology domain at the N-terminus,
a putative leucine zipper (LZ) motif at the C-terminus and
five proline-rich motifs throughout the protein, which mediate
diverse protein-protein interactions (11).

On the basis of its structural characteristics, PLEKHO1 was
implicated in different signalling pathways involved in diverse
biological processes, such as cell proliferation (9,12), cell
apoptosis (13), cell differentiation (9), cell morphology (14,15),
macrophage migration/proliferation (16,17) and protein
metabolism (18,19). Recently, it was found that PLEKHO?2,
which belongs to the same superfamily as PLEKHOL, is a key
factor formacrophage survival (20). Luezal (18) reported that the
expression of PLEKHOI negatively regulated bone formation,
and after that study, the 6-liposome system (AspSerSer)
was developed to guide PLEKHOI small interfering (si)
RNAs to bone formation surfaces to treat osteoporosis (21).
In addition, other studies have demonstrated that PLEKHO1
plays roles in many diseases in humans and animal models,
such as cancer (22-24), diabetic nephropathy (25), fatty liver
disease (26) and chronic heart failure (27). All these findings
suggest the potential significance of PLEKHOI in both
biological and pathological processes of the human body.
Nevertheless, the functional roles and detailed mechanisms of
PLEKHOI in diseases, especially in neoplasms, remain to be
elucidated. In the current study, the authors investigated the
function of PLEKHOI in RCC and explored the mechanism in
which PLEKHOI functions.

Materials and methods

Bioinformatic analysis. The raw expression data and clinical
data, such as tumour stage and survival status of RCC
patients, were downloaded from TCGA, which was searched
with the following term: ‘KIRC_RNA-seq_HTSeq-Counts’
(https://cancergenome.nih.gov/; Tables SI and SII). In the
present study, the raw RNA-sequencing (high throughput
sequencing-counts) data were arranged and exported using
R-project (R version 3.5.0; https://cran.r-project.org/src/base/
R-3/), in which ‘Edge R’, ‘gplots’ and ‘survminer’ were used
for differential, clustering and survival analyses, respectively.
Additionally, co-expression analysis was performed based
on the data obtained from cBioPortal for Cancer Genomics
using the search term ‘Kidney_Kidney Renal Clear Cell
Carcinoma (TCGA, Nature 2013)’ (http://www.cbioportal.
org/) (28,29). Packages were freely accessible from the
following sources: ‘edgeR’: http://www.bioconductor.
org/packages/release/bioc/html/edgeR.html; ‘gplots’:
https://cran.r-project.org/web/packages/gplots/; ‘survminer’:
https://cran.rstudio.com/web/packages/survminer/index.html.

Cell lines and cell culture. Human RCC cell lines (Caki-1,
786-0, ACHN, 769-P and OS-RC-2) were obtained from the

Cell Type Culture Collection in the Institute of Biochemistry
and Cell Biology of the Chinese Academy of Sciences
(Shanghai, China). Caki-1 cells were cultured in McCoy's 5A
medium (HyClone; GE Healthcare Life Sciences), while
786-0, 769-P and OS-RC-2 cells were cultured in RPMI-1640
medium (HyClone; GE Healthcare Life Sciences), and ACHN
cells was cultured in minimum essential media (HyClone;
GE Healthcare Life Sciences) at 37°C with 5% CO,. All the
culture media were supplemented with 10% foetal bovine
serum (HyClone; GE Healthcare Life Sciences). 786-O and
Caki-1 cell lines were authenticated, and no mycoplasma
contamination was identified.

Tissue samples. Paired tumour and para-tumour normal tissues
were acquired from 30 patients (19 males and 11 females aging
from 35 to 71 years old) diagnosed with RCC who had undergone
surgical treatment at the Department of Urology, Cancer
Hospital of China Medical University and the Department
of Urology, The First Hospital of China Medical University
(Shenyang, China) from September 2014 to July 2016. The
excised tissue samples were snap-frozen in liquid nitrogen and
saved at -80°C until their use. The current study was approved
by the Research Ethics Committee of China Medical University
and all patients provided signed written informed consent.

High-throughput cell viability screening. A high-throughput
Celigo cytometry system was used to evaluate cell viability
as previously described (30,31). In the present study,
786-0 cells were chosen as the cell model of RCC and
transfected with a short hairpin (sh)RNA to a specific gene or
scrambled shRNA (sh-Ctrl; both GeneChem) in the presence
of 6 ug/ml polybrene (Sigma-Aldrich; Merck KGaA). To
guarantee the sShRNA silencing efficiency, three shRNAs
[20 ug hU6-MCS-CMV-EGFP (GeneChem)] targeting
different sites on each of the 16 candidate genes and the
positive control (PC) gene (RNA-binding protein NOBI1)
were pooled in equal proportions in the packaging viruses.
These 16 candidate genes were chosen based on their
relevance to the development of RCC after analysing the
TCGA dataset: DNA dC->dU-editing enzyme APOBEC-3H,
enkurin, a-(1,3)-fucosyltransferase 11, Golgi-associated
plant pathogenesis-related protein 1, mixed lineage kinase
domain-like protein, nucleoredoxin-like protein 2, opa
interacting protein 5, oncoprotein-induced transcript 3 protein,
PLACS-like protein 1, PLEKHOI, protein prune homolog 2,
Ras association domain-containing protein 6, spindle and
kinetochore-associated protein 3, pachytene checkpoint
protein 2 homolog, ubiquitin-conjugating enzyme E2 T and
zinc finger protein 320. Two days after transfection, the
transfected cells were subjected to cell viability screening,
in which a total of 2,000 cells were seeded into each well of
96-well plates and scanned every day using a Celigo Imaging
Cytometer equipped with integrated Celigo software (both
Nexcelom Bioscience) at a magnification of x100 for 5 days.
The fluorescence signal, which was proportional to the live
cell number in each well, was quantified automatically and
recorded as the cell viability in real time.

Lentivirus construction, and shRNA and siRNA transfection.
Lentiviruses carrying shRNAs targeting PLEKHOI1 (sh-PLEK;
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GeneChem) or scrambled shRNA (sh-Ctrl) were constructed
using hU6-MCS-CMV-EGFP. The RCC cells were transfected
with sh-PLEK or sh-Ctrl lentivirus (1x108 TU/ml) at a multiplicity
of infection (MOI) of ~5 for 786-0 cells or ~10 for Caki-1 cells
in the presence of 6 ug/ml polybrene (Sigma-Aldrich; Merck
KGaA) according to the manufacturer's protocol. Lentivirus
volume used was calculated as the following formula: V=(MOI x
N)/1x108 (V = lentivirus volume, N = cell number). Additionally,
siRNAs targeting PLEKHOIL (si-PLEK 1# and si-PLEK 2#) or
non-targeting control siRNA (si-Ctrl) were purchased from JTS
Scientific. Lipofectamine® 3000 transfection reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) was used for siRNA transfection
according to the manufacturer's protocol. The efficiency of gene
knockdown was identified by reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) and western blotting
48 h post-transfection. The targeting sequence of sh-PLEK
was 5'-GCTGAGAGACCTGTACAGA-3' and for sh-Ctrl, the
sequence was 5"TTCTCCGAACGTGTCACGT-3'. The sense
strand sequence was 5-AGCUCUACAUCUCUGAGAATT-3'
for si-PLEK 1#, 5'-GGACAGCUAUCUUGCCCAUTT-3' for
si-PLEK 2# and 5-UUCUUCGAACGUGUCACGUTT-3' for
si-Ctrl.

RNA extraction and RT-gPCR. Total RNA was extracted from
cultured cells (Caki-1, 786-O, ACHN, 769-P and OS-RC-2)
or tissue samples (RCC tumour and para-tumour tissues)
using RNAiso Plus reagent (Takara Biotechnology Co., Ltd.)
following the manufacturer's protocol and quantified using
a BioDrop Duo UV/VIS spectrophotometer (BioDrop Ltd.).
For RT-qPCR analysis, total RNA was converted into cDNA
using PrimeScript™ RT Master Mix (Takara Biotechnology
Co., Ltd.) according to the manufacturer's protocol. A total of
1 ug cDNA was added to SYBR Premix EX Taq™ (Takara
Biotechnology Co., Ltd.). The data were collected on a
LightCycler™ 480 II system (Roche Diagnostics) as follows:
50°C for 2 min, 95°C for 10 min, and 45 cycles at 95°C for
10 sec, 60°C for 30 sec and 72°C for 45 sec. A melting curve
was obtained by increasing the temperature from 40°C to 97°C
at a rate of 0.4°C/sec. The results were standardized with the
expression level of GAPDH. Relative quantitative analysis was
performed with the 222 method (32). The primer sequences
were as follows: PLEKHOI, forward 5-GAA TCG TGG ATC
AAT GCC CTC-3" and reverse 5-GCG GGA GTG CTG GAT
TTT TG-3"; and GAPDH, forward 5-TGA CTT CAA CAG
CGA CAC CCA-3' and reverse 5-CAC CCT GTT GCT GTA
GCC AAA-3.

Western blot analysis and antibodies. Proteins were extracted
from 786-0O and Caki-1 cells transfected with shRNAs or
siRNAs using 10X (wt/vol) radioimmunoprecipitation assay
lysis buffer containing 1 mM phenylmethylsulfonyl fluoride
(Beyotime Institute of Biotechnology). The lysate was
collected and centrifuged (12,000 x g, 30 min, 4°C). The
supernatants containing proteins were divided and quantified
and then denatured at 100°C for 10 min. A BCA kit (Beyotime
Institute of Biotechnology) was used for protein quantification.
Equal amounts of protein (30 pg/lane) were separated by
SDS-PAGE on 10% gels and subsequently transferred to
polyvinylidene fluoride membranes (EMD Millipore). The
membranes were blocked with 5% skim milk in Tris-buffered
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saline with 0.1% Tween (TBST) for 1 h at room temperature
and then incubated with primary antibodies at 4°C overnight.
The next day, membranes were washed with TBST three times
for 5 min each and then incubated in secondary antibodies at
room temperature for 1.5 h. After another three washes with
TBST, immunoblot detection was performed using enhanced
chemiluminescent reagents (Thermo Fisher Scientific, Inc.).
GAPDH was used as an internal reference for total protein
detection. The antibodies used were listed as follows: Rabbit
anti-PLEKHOIL (cat. no. SAB1401681; 1:200; Sigma-Aldrich,
Merck KGaA), mouse anti-GAPDH (cat. no. sc-32233),
horseradish peroxidase-conjugated goat anti-mouse IgG
(cat. no. sc-2005) horseradish peroxidase-conjugated and
goat anti-rabbit IgG (cat. no. sc-2004; all 1:2,000; Santa Cruz
Biotechnology, Inc.).

Cellproliferationassay.786-Oand Caki-1 cellsweretransfected
with si-Ctrl and siRNAs (si-PLEK 1# and si-PLEK 2#).
Twenty-four hours later, cell proliferation was explored using
the Cell Counting Kit 8 (CCK-8) assay (Dojindo Molecular
Technologies, Inc.). Briefly, cells were collected 24 h after the
siRNA transfection, seeded at a density of 2,000 cells/well
into a 96-well plate (150 pl/well) and incubated at 37°C. At
0, 24,48, 72 and 96 h, 10 pl of CCK-8 working solution was
added into each well and incubated for an additional 1.5 h. The
absorbance (optical density) of each well was detected using
a microplate reader (Model 680; Bio-Rad Laboratories, Inc.)
at a wavelength of 450 nm. For all proliferation assays, three
separate experiments were performed.

Cell apoptosis assay. 786-O and Caki-1 cells were cultured in
six-well plates and transfected with sh-PLEK and sh-Ctrl as
described previously. After 5 days of transfection, cells were
collected, washed with D-Hanks (pH 7.2-7.4) pre-cooled at 4°C
and then washed with 1X binding buffer. The centrifuged cells
(500 x g for 5 min at room temperature) were resuspended
using 200 pxl 1X binding buffer with an additional 10 ul
Annexin V from the Annexin V Apoptosis Detection kit APC
(cat. no. 88-8007; eBioscience; Thermo Fisher Scientific, Inc.).
Then, the cells were incubated in the dark for 15 min at room
temperature, after which 300 ul 1X binding buffer was added
to dilute the solution. Flow cytometry analysis was performed
on a Guava® easyCyte HT equipped with InCyte™ 3.1 (both
EMD Millipore). Three separate experiments were performed.

Xenografted tumour in nude mice. A total of 20 4-week-old
female BALB/c nude mice were purchased from LingChang
Science and Technology Ltd. and randomized into two groups:
The sh-PLEK (KD) group and the sh-Ctrl (NC) group.
1x107 786-0O cells transfected with sh-PLEK and sh-Ctrl
as described above. Two days after transfection, cells were
observed under an inverted fluorescence microscope using
the light and fluorescence modes at a magnification of x100.
786-0 cells without any shRNA transfection (NULL)
was used as normal control for cell morphology. Then
the shRNA-transfected cells were selected with 3 pg/ml
puromycin (Sigma-Aldrich, Merck KGaA). After a stable cell
line was established, 1x107 786-0 cells mixed with Matrigel
(BD Biosciences) at a ratio of 1:1 were subcutaneously
inoculated into the right armpit of nude mice. The body
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weight of each mouse and the tumour diameter were measured
every week from day 43 after the inoculations of stably
transfected cells. The tumour volume (V) was calculated using
the following formula: V =3.14/6 x L x W x W (L, length;
W, width). All mice were euthanized with the carbon dioxide
method on day 87 with a flow rate set at 25% according to the
recommendation of AVMA Guidelines (33). The current study
was carried out in strict accordance with the recommendations
of the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health (34). The protocol was approved
by the Committee on the Ethics of Animal Experiments of
China Medical University.

Expressionmicroarrays and Ingenuity Pathway Analysis (IPA).
For expression profile analysis after PLEKHOI knockdown,
GeneChip primeview human (cat. no. 901838; Affymetrix;
Thermo Fisher Scientific, Inc.) was used. The raw microarray
data were arranged with Expression Console™ software
(version 1.4; Affymetrix; Thermo Fisher Scientific, Inc.), and
differential analysis was performed with the GeneSpring
(version 11.5; Agilent Technologies, Inc.). The microarray data
were submitted to the NCBI Gene Expression Omnibus public
database with the accession code GSE126305 (https:/www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE126305) and the
data analysis was based on IPA (version 43605602; Qiagen,
Inc.; www.qgiagen.com/ingenuity) (35,36).

Additionally, co-expression analysis was conducted in
TCGA dataset to check if PLEKHOI expression correlated
with another protein. In order to diminish the interference
raised from the maximum and minimum values, the data
of patients whose PLEKHOI expression levels were in the
top 1% when all the patients from TCGA dataset were ranked
according to PLEKHO1 mRNA expression were excluded.

Statistical analysis. Statistical analyses were performed with
SPSS 21.0 statistical software (IBM Corp.). In cell proliferation,
apoptosis and xenograft tumour formation assays, the data
with normal distribution are presented as mean + standard
deviation, and the 2-tailed Student's t-test was used to evaluate
the significance of differences between two groups. To detect
the efficiency of silencing, one-way analysis of variance
followed by Dunnett's multiple comparisons tests was used to
compare differences among multiple groups. The expression
data downloaded from TCGA database with non-normal
distribution were presented as the median with the interquartile
range and the Mann-Whitney U test was performed to compare
groups. The Kaplan-Meier assay and Log-rank test was used
for survival analysis. Non-parametric Spearman correlation
was used for co-expression analysis. A value of P<0.05 was
considered statistically significant.

Results

Identifying PLEKHOI as a potential modulator that
promotes cell proliferation in RCC. To explore genes that
are potentially relevant to the development of RCC, TCGA
database was searched, and the gene expression data derived
from 72 RCC and paired para-tumour samples from the same
patient were analysed. The gene expression profiles in 69 of
the 72 paired samples showed a clear distinction between the

cancer and normal control tissues according to the clustering
analysis (Fig. 1A). The data of these 69 paired samples were
further analysed, and 16 genes that were potentially related to
RCC development were screened. These genes were selected
on the basis of their high expression levels in tumour samples
as well as their research significance based on the literature
(Fig. 1A; Table SIII). Next, to screen the potential biological
relevance of the 16 candidate genes in RCC, each gene was
knocked down in 786-0O cells using lentiviruses carrying
specific shRNAs, separately. As shown in Fig. 1B and C, only
treatment with sh-OIP5, sh-PLEKHOI or sh-PC, the positive
control, markedly inhibited cell proliferation. Although other
genes, such as FUT11, were similarly highly expressed in
the tumour samples compared with para-tumour samples
in TCGA data, treatment with sh-FUT11 did not impact the
cell viability of 786-O cells. OIP5 has been shown to be
associated with the prognosis of RCC, and reduction of its
mRNA expression inhibits cell proliferation in 786-O and
Caki-2 cells (37). On the other hand, there have been no
reports on the relevance of the PLEKHOI gene in RCC. Thus,
the authors chose to further investigate the functional role of
the PLEKHOI1 gene in RCC.

Upregulation of PLEKHOI expression in RCC samples is
associated with poor prognosis. It has been reported that
PLEKHOI expression is downregulated in some cancers,
such as colon cancer (23), breast cancer (24) and gastric
cancer (38). In contrast, in the present study, by researching
TCGA data, the authors found that PLEKHOI1 expression was
upregulated in RCC tissue compared with normal para-tumour
tissue (Fig. 2A). To further assess the correlation between
PLEKHOI mRNA expression and clinicopathological
characteristics, the 69 patients with primary RCC were
divided into two groups by using the median value (raw
expression, 3,005) of PLEKHO1 mRNA expression as the
cut-off (Fig. 2B). As shown in Fig. 2C, the overall survival
rate of patients in the low-PLEKHOI group was significantly
higher than that of patients in the high-PLEKHOI1 group.
To test this hypothesis, the RNA-seq data of an additional
458 unpaired RCC samples from TCGA database were
downloaded. The survival analysis of this dataset containing
527 RCC patients showed a similar result, in which PLEKHO1
expression was increased in tumour tissues compared
with 69 normal para-tumour tissues and patients with high
PLEKHOIL expression exhibited a worse prognosis compared
with those with low PLEKHOI1 expression (Fig. 2D and E).
Next, the mRNA expression level of PLEKHOI was detected
by RT-qPCR in 30 paired localized RCC and para-tumour
normal tissues. As shown in Fig. 2F, PLEKHOLI expression was
indeed significantly upregulated in the RCC tissue samples
compared with the para-tumour normal tissue samples. These
results suggest that the aberrant expression of PLEKHOI may
contribute to the development of RCC.

Reduction of PLEKHOI mRNA expression inhibits cell
proliferationin RCC.Toexplore the functional role of PLEKHO1
in RCC, several cell models were tested. As shown in Fig. 3A,
the mRNA level of PLEKHOI1 was high in all five tested cell
lines, including 786-0O and Caki-1 cells. Then, one shRNA and
two siRNAs that specifically target PLEKHO1 were transfected
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Figure 1. The Cancer Genome Atlas data analysis and high-throughput screening identified PLEKHHOI as a potential modulator that promotes RCC cell
proliferation. (A) Heatmap showing the differentially expressed gene set between paired tumour and para-tumour samples. Each row indicates a gene and each
column indicates a patient sample. (B) A total of 16 genes were selected for validation of viability by high-throughput screening. (C) Representative fluorescence
images of high-throughput shRNA screening. PLEKHOI, pleckstrin homology domain containing Ol; RCC, renal cell carcinoma; sh, short hairpin; sh-Ctrl,
negative control ShRNA; sh-PC, positive control shRNA targeting NOB1; NOB1, RNA-binding protein NOBI; FUT11, a-(1,3)-fucosyltransferase 11; OIPS5, opa
interacting protein 5; UBE2T, ubiquitin-conjugating enzyme E2 T; RASSF6, Ras association domain-containing protein 6; APOBEC3H, DNA dC->dU-editing
enzyme APOBEC-3H; MLKL, mixed lineage kinase domain-like protein; PRUNE2, protein prune homolog 2; SKA3, spindle and kinetochore-associated
protein 3; GLIPR2, Golgi-associated plant pathogenesis-related protein 1; TRIP13, pachytene checkpoint protein 2 homolog; ZNF320, zinc finger protein 320;
PLACSLI, PLACS-like protein 1; NXNL2, nucleoredoxin-like protein 2; ENKUR, enkurin; OIT3, oncoprotein-induced transcript 3 protein.

into 786-0 and Caki-1 cells either permanently or transiently.
At 48 h after transfection, both the mRNA and protein levels
of PLEKHOI1 were effectively reduced by transfection of either
the shRNA or siRNAs (Fig. 3B and Fig. S1).

Cells with stable knockdown of PLEKHOI expression
by the shRNA were subjected to a Celigo cell viability
analysis. As expected, 786-0 and Caki-1 cell proliferation was

significantly suppressed by sh-PLEK transfection compared
with sh-Ctrl transfection on days 4 and 5 (Figs. 3C and 2D).
To further validate the results, a CCK-8 assay was performed
with 786-0 and Caki-1 cells after treatment with si-Ctrl or
two different siRNAs targeting PLEKHOI1 (si-PLEK 1# and
si-PLEK 2#). Again, treatment with both siRNAs (si-PLEK 1#
and si-PLEK 2#) significantly inhibited cell viability in the two
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Figure 2. PLEKHOI is upregulated in RCC tissue and a high level of PLEKHOI mRNA is potentially associated with a poor clinical prognosis. (A) PLEKHOI
expression RNA-seq data of 69 paired RCC samples in TCGA database. The RNA-seq data are presented as the median with the IQR. (B) A total of 69 patients
in TCGA database were classified into two groups according to PLEKHOI raw expression data, setting the median expression level as the cut-off criteria.
(C) Kaplan-Meier overall survival curves according to the PLEKHOI expression level of 69 RCC samples. (D) PLEKHOI mRNA expression levels in
527 tumour samples compared with 69 normal para-tumour samples. The data are presented as the median with the IQR. (E) Kaplan-Meier overall survival
curves according to the PLEKHOI expression level of 537 RCC samples (F) PLEKHO1 mRNA expression levels in 30 paired tumour and para-tumour
samples. The expression data were presented as the median with the IQR. “P<0.01. IQR, interquartile range. PLEKHOI, pleckstrin homology domain con-
taining O1; TCGA, The Cancer Genome Atlas; seq, sequencing; RCC, renal cell carcinoma; sh, short hairpin; sh-Ctrl, negative control siRNA.

cell lines in comparison with si-Ctrl treatment at 72 and 96 h
(Fig. 3E and F). Together, these results suggest that PLEKHO1
may play a role in RCC cell viability.

Downregulation of PLEKHOI expression induces cell apop-
tosis. As decreasing the expression level of PLEKHOI greatly
inhibited cell viability, it was hypothesised that PLEKHO1 may
affect cell apoptosis in RCC cell lines. Indeed, a flow-cytometric
analysis with Annexin V-APC staining showed that the
percentage of apoptotic cells in cells transfected with sh-PLEK
or sh-Ctrl was 10.36 and 4.25%, respectively, in 786-O cells
(Fig. 4A), and 12.05 and 3.33%, respectively, in Caki-1 cells
(Fig. 4B). The apoptosis rate was significantly higher in cells
transfected with sh-PLEK compared with those transfected with
sh-Ctrl. Thus, these results suggest that PLEKHO]1 affects the
viability of RCC cells at least in part by regulating cell apoptosis.

Reducing the expression level of PLEKHOI attenuates
RCC tumour growth in vivo. To further investigate whether
PLEKHOI affects RCC tumour growth in vivo, a xenograft
mouse model was used. Compared with the NULL group, cell
morphology in the NC and KD groups did not markedly change
(Fig. 5A). At the same time, a high transfection efficiency was
confirmed with observation under a fluorescence microscope.
As shown in Fig. 5B, at the end of the experiment, small
tumours formed in only a few mice in the KD group. While
in the NC group, xenograft tumours developed in every mouse
in which the longest length of these tumours was 19.04 mm
(Fig. 5B). Additionally, during the experiment, the tumour
growth in the KD group was significantly slower compared
with that in the NC group from week 2 to week 7 (Fig. 5C).
Accordingly, the tumour weight and tumour volume were
both significantly lower in the KD group compared with the
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NC group (Fig. 5D and E). These results support the conclu-
sion that PLEKHOI expression is significantly associated with
the proliferative capacity of 786-0O cells in vivo.

PLEKHOI may be involved in regulating the
serine/threonine-protein kinase hippo and JNK signalling
pathways. To further explore the mechanisms underlying
the impact of PLEKHOI on RCC cell viability, total RNA
was extracted from 786-O cells with or without knockdown
of PLEKHOI1 expression and the RNA was subjected to
DNA microarray analysis. Upon reducing the expression of
PLEKHOIL, 196 genes were upregulated, while 403 genes were

downregulated (Fig. 6A and Table SIV). Subsequently, upstream
IPA showed that PLEKHOI downregulation impacted the
expression of several transcription regulators, including WW
domain containing transcription regulator 1 (WWTRI, also
known as TAZ; Fig. 6D and Table SV). Additionally, through
co-expression analysis on TCGA dataset, it was found that
connective tissue growth factor (CTGF), a downstream molecule
of TAZ in the Hippo signalling axis, was positively correlated
with the expression of PLEKHOI, but negatively correlated with
most of the key factors in the Hippo signalling pathway (28,29)
(Fig. 6B). Therefore, the authors postulated that PLEKHOI may
function by participating in the Hippo signalling pathway.
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In addition to the upstream analysis based on the
microarray data, IPA of canonical pathway was performed.
Knockdown of PLEKHOI1 expression greatly repressed
the canonical insulin-like growth factor 1, stress-activated
protein kinase (SAPK)/JNK and granulocyte-macrophage
colony-stimulating factor signalling pathways (Fig. 6C and

Table SVI). As shown in Fig. 6C, the top 15 pathways were
highly inclined to be inactivated and JNK was the most
canonical and obvious pathway with one of the most negative
Z-scores. These results suggest that PLEKHOI potentially
functions through the JNK and Hippo signalling pathways,
although further studies are clearly needed.
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Discussion

Since PLEKHOI1 was first reported, its structural and
localization characteristics, and essential functional roles
in biological processes have been explored over the past
decade (8,9,12-14,17,18). It has been shown that PLEKHO1
expression is downregulated in some cancers and that
PLEKHOL is involved in some key signalling pathways in
cancer cells (12,13,23,24,38). For example, Tokuda et al (12)
reported that PLEKHOI interacted with Akt through its
LZ motif and inhibited PI3K/Akt signalling. Another study
found that PLEKHOIL disturbed the endogenous protein level
of E3 ubiquitin-protein ligase SMURF1 (Smurf1) by regulating
PI3K/Akt/mTOR signalling and therefore promoted the
auto-degradation of Smurfl in colon cancer (23). PLEKHOI1
clearly functions as a tumour suppressor gene in these cancers.
However, in the present study, aberrant overexpression of
PLEKHOL in RCC tissue samples was observed compared
with para-tumour normal kidney tissue samples and found that
the downregulation of PLEKHOI gene expression markedly
compromised RCC cell viability. Additionally, reducing
PLEKHOIL expression significantly impeded the growth of
xenograft tumours in mouse models. Thus, the present results
suggest that, at least in RCC, PLEKHOI promotes cancer
development.

It has been reported that PLEKHOI protein is cleaved
into fragments by caspase-3 and that these fragments
promote apoptosis through inhibiting the anti-apoptotic
activity of c-Jun (13). In contrast, the present study found
that PLEKHO1 may protect RCC cells from apoptosis
because downregulating the expression of PLEKHOI induces
apoptosis. Thus, it is speculated that PLEKHO1 may function
in a context-dependent manner in different cancers through
diverse mechanisms.

Furthermore, a gene expression array was performed
and it was found that the downregulation of PLEKHOI1
impacted the expression of numerous transcription factors,
including TAZ. It is known that dephosphorylated TAZ can
translocate into the nucleus and function as a co-activator
along with its partner AP-1-like transcription factor YAP1
to regulate the expression of CTGF, which is negatively
modulated by the Hippo signalling axis (39-41). In mammals,
the Hippo signalling pathway plays important roles in organ
and cancer development (42). As the main effector of the
Hippo pathway, TAZ is destabilized and restricted to the
cytoplasm, and therefore loses its transcriptional function
when it is phosphorylated by the activated Hippo signalling
cascade (43-45). The present co-expression analysis based on
TCGA data showed that high expression levels of PLEKHOI1
may suppress Hippo signalling and increase endogenous
CTGF expression, which is consistent with the result of the
microarray analysis. In this context, the authors hypothesized
that aberrant PLEKHOI1 expression may inhibit the Hippo
signalling pathway and activate the activity of TAZ.

Additionally, ITPA of canonical pathways showed that
PLEKHOI may interfere with the SAPK/JNK signalling
pathway. With sh-PLEK downregulating the level of
PLEKHOI expression, it was found that SAPK/JINK was
probably inactivated due to the low Z-score. As a member of
the mitogen-activated protein kinase signalling network, the

JNK signalling pathway has been proposed to play pivotal roles
in cell proliferation, differentiation, death and survival (46).
Deregulation of this signalling pathway has been reported in
various disease conditions, such as malignancies, diabetes,
inflammation and neurodegenerative diseases (46). However,
JNK signalling appears to play opposing roles in different
cancers. For example, JNK signalling is hyperactivated
and promotes cancer development in hepatocellular
carcinoma (47,48), lung cancer (49,50), myeloma (51) and
skin carcinoma (52). On the other hand, JNK signalling
functions as a tumour suppressor in melanoma, lymphoma
and chronic myeloid leukaemia (53,54). In the present study,
PLEKHOI knockdown distinctly inhibited RCC cell viability.
Simultaneously, microarray analysis showed that PLEKHOI1
knockdown potentially restrained the JNK signalling pathway
due to the low Z-score. Therefore, the authors of the current
study preliminarily hypothesised that JNK functions as a
tumour promoter, which mediated PLEKHOI1 function and
that PLEKHOI impacts cell viability in RCC partly via
regulating the JNK signalling pathway. However, further
studies are warranted.

In conclusion, the present study sheds light on the promo-
tive effect of PLEKHOI1 on cell viability in RCC, although
this protein was speculated to be a tumour suppressor in some
other cancers. Thus, further studies are needed to explore the
potential of PLEKHOI as a cancer biomarker as well as a
therapeutic target specific for RCC.
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