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Ubiquitin ligase CHIP functions as an oncogene and
activates the AKT signaling pathway in prostate cancer
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Abstract. Carboxyl terminus of Hsc-70-interacting protein
(CHIP) is an E3 ubiquitin ligase that induces the ubiquitina-
tion and degradation of numerous tumor-associated proteins
and serves as a suppressor or promoter in tumor progression.
To date, the molecular mechanism of CHIP in prostate cancer
remains unknown. Therefore, the present study investigated
the biological function of CHIP in prostate cancer cells and
obtained evidence that CHIP expression is upregulated in
prostate cancer tissues. The CHIP vector was introduced
into DU145 cancer cells and the cell biological behaviour
was examined through a series of experiments, including cell
growth, cell apoptosis and migration and invasion assays. The
results indicated that the overexpression of CHIP in DU145
prostatic cancer cells promoted cell proliferation through
activation of the protein kinase B (AKT) signaling pathway,
which subsequently increased cyclin D1 protein levels and
decreased p21 and p27 protein levels. The overexpression of
CHIP significantly increased the migration and invasion of the
DU14S5 cells, which is possible due to activation of the AKT
signaling pathway and upregulation of vimentin. The expres-
sion level of CHIP was observed to be increased in human
prostate cancer tissues compared with the adjacent normal
tissue. Furthermore, the CHIP expression level exhibited a
positively association with the Gleason score of the patents.
These findings indicate that CHIP functions as an oncogene
in prostate cancer.

Introduction

Prostate cancer is a malignancy that severely affects the
health of men worldwide. In the United States, an estimated
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161,360 cases of prostate cancer were newly diagnosed in 2017,
leading to prostate cancer ranking first among cancers for
incidence rate and third for mortality rate (1). The incidence
and mortality of prostate cancer have increased in China in
recent years due to changes in lifestyle and the living environ-
ment. In China, prostate cancer is one of the 10 most common
cancers in men, and upward trends in incidence and mortality
rates have been observed (2). The majority of prostate cancer
patients are at an advanced stage of cancer and have distant
metastasis when they are diagnosed, making the disease
difficult to treat (3). A good understanding of the molecular
mechanism of the progression of prostate cancer is likely to
aid its diagnosis and treatment.

Carboxyl terminus of Hsc-70-interacting protein (CHIP),
encoded by the STIP1 homology and U-box containing
protein 1 (STUBI) gene, contains three domains: A three
tetratricopeptide repeat (TPR) domain at its N-terminus, a
U-box domain at its C-terminus, and a domain connecting the
N-terminus and C-terminus together. The TPR domain, which
links to the molecular chaperones Hsc70-Hsc70 and Hsc90,
mediates protein-protein interactions. The U-box domain
displays an E3 ubiquitin ligase activity between the chap-
erone and proteasome systems (4,5). As a new co-chaperone,
CHIP serves an important role in the folding, transport and
degradation of proteins (6). CHIP is an E3 ubiquitin ligase that
induces the ubiquitination and degradation of proteasomes
and misfolded proteins, such as cystic fibrosis transmembrane
conductance regulator (7,8).

Substantial evidence indicates that CHIP is associated
with the development, migration and invasion of cancer.
Although the exact function of CHIP has not been elucidated,
it is considered to be a tumor suppressor in the majority of
tumors. In ovarian carcinoma, the overexpression of CHIP
suppresses tumor progression by inhibiting the aerobic
glycolysis that provides energy to tumor cells (9). In addition,
CHIP overexpression significantly inhibits the growth of
leukemia cells (10). Furthermore, CHIP decreases the migra-
tion and invasion abilities of gastric cancer cells to suppress
the malignant transformation of the tumor via the regulation
of the nuclear factor k-light-chain-enhancer of activated
B cells (NF-«xB) signaling pathway (11). However, CHIP has
been ascribed as an oncogene in other tumors. A recent study
revealed that CHIP overexpression markedly increased the
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viability of thyroid cancer cells and accelerated tumor growth
in vivo (12). In another study, B-type hepatitis virus-associated
hepatocellular carcinoma, CHIP overexpression exhibited a
marked association with a larger tumor size and the presence
of portal vein invasion (13).

The specific role of CHIP in the progression of prostate
cancer remains unclear. In the present study, the biological
function and potential mechanism of CHIP in the oncogen-
esis and progression of prostate cancer were explored. The
effects of the forced introduction of CHIP into DU145 human
prostatic cancer cells on various biological behaviors of the
cells, including proliferation, apoptosis, migration and inva-
sion, were investigated in vitro. The activation of the AKT
(also known as protein kinase B) signaling pathway and
pro-apoptotic protein levels in the CHIP-overexpressing cell
lines were also explored. In addition, a tissue microarray of
human prostate cancer was used to investigate the correlation
of CHIP expression with Gleason score.

Materials and methods

Cell culture. The DU145 cell line was obtained from American
Type Culture Collection (Manassas, VA, USA) and maintained
in RPMI-1640 (cat. no. 1844368) with 10% fetal bovine serum
(FBS, cat. no. 1428479) (both from Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin,
100 pg/ml streptomycin and 2 mM glutamine. The cells were
cultured in a humidified atmosphere containing 5% CO, at 37°C.

Transfection. The MSCV vector containing green fluorescent
protein (GFP; a gift from Professor Yong Zhao, Institute of
Zoology, Chinese Academy of Sciences) was used as the basis
of a CHIP overexpression vector. The full-length coding
sequence of human CHIP (hCHIP) was amplified by polymerase
chain reaction (PCR) and cloned into the MSCV-GFP vector to
form MSCV-GFP-hCHIP. The primers were designed using
Primer-BLAST (https:/www.ncbi.nlm.nih.gov/tools/primer-
blast/). Two primer sequences of CHIP were selected as follows:
5-AAAAAGATCTGGCGGCATGAAGGGCAAGG-3' and
5-GGGAACCTCAGTAGTCCTCCACCC-3" A total of 3.2x10°
phoenix A packaging cells (a gift from Professor Yong Zhao)
were seeded in a 35-mm dish and transfected with 2 yg MSCV-
GFP-hCHIP or control vector (MSCV-GFP) and 1 ug pCL-Amp
(gift from Professor Yong Zhao) using Lipofectamine 2000 (cat.
no. 11668-019; Invitrogen; Thermo Fisher Scientific, Inc.). The
supernatants were collected after transfection for 48 h to infect
2x10° DU145 cells and provide DU145-control and DU145-
hCHIP cells. The individual clones were subsequently selected
by 5 ng/ul puromycin for 2 weeks.

Reverse transcription-quantitative PCR (RT-gPCR). RT-qPCR
was used to validate the effect of STUBI gene overexpression.
Total RNA was extracted from the cells using RNAiso Plus
reagent (cat. no. 9109; Takara Bio, Inc., Otsu, Japan) and quanti-
fied. Then, 2 ug RNA was converted into cDNA using
Superscript M-MLV (cat. no. 28025-013; Invitrogen; Thermo
Fisher Scientific, Inc.). The conditions were as follows: 25°C for
10 min, 37°C for 50 min and 70°C for 15 min. qPCR was
performed in triplicate using SYBR Premix Ex Taq II (cat.
no. RR420L; Takara Bio, Inc.) with a LightCycler 480 System
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(Roche Diagnostics, Basel, Switzerland). 3-actin was used as an
endogenous control. Primer sequences were as follows: -actin,
5'-GCTACGAGCTGCCTGACGG-3' and 5-TGTTGGCGT
ACAGGTCTTTGC-3"; STUBI, 5'-GCCAAGGAGCAGCG
GCTGAA-3' and 5-CTCTCACGCTCCGCGGCAAT-3". The
house- keeping gene (f3-actin) and the target genes were reverse
transcribed together in a single run. The thermocycling condi-
tions were as follows: pre-incubation at 95°C for 30 sec, followed
by 45 cycles of 95°C (30 sec), 58°C (15 sec) and 72°C (20 sec).
The relative expression levels of the target genes were quantified
by the 2-44% method (14).

Western blot analysis. Whole-cell extracts, nuclear extracts
(NEs) and cytoplasmic extracts (CE) were prepared using
suspension buffer (10 mM Tris-HCI, 0.1 M NaCl, 1 mM
EDTA) and proteinase inhibitor (cat. no. 11697498001;
Roche Diagnostics, Mannheim, Germany) according to
standard procedures. The total protein was measured with a
micro BCA protein assay kit (cat. no. 23235; Thermo Fisher
Scientific, Inc.). Then 30 ug proteins were fractionated by
10% SDS-PAGE and transferred to nitrocellulose membranes.
After blocking with milk for 1 h at 4°C, the membranes were
probed with different antibodies (Abs) with incubation over-
night at 4°C. The membranes were washed the next day and
then incubated with appropriate secondary Abs (1:10,000) at
4°C overnight. IRDye 680CW (cat. no. 926-32222) and IRDye
800CW secondary Abs (cat. no. 926-32213) were obtained
from LI-COR Biosciences (Lincoln, NE, USA). The bands
were scanned using an Odyssey system (LI-COR Biosciences).
Band densities were normalized to the (-actin or laminA/C
loading control. Primary Abs against transcription factor
p65 (RelA; sc-372), transcription factor RelB (RelB; sc-226),
p105/p50 (sc-7178), p100/p52 (sc-298), proto-oncogene c-Rel
(c-Rel; sc-70), laminA/C (sc-20681), urokinase-type plas-
minogen activator (uUPA; sc-14019), TNF receptor-associated
factor 2 (TRAF2; sc-876) and TNF receptor-associated
factor 3 (TRAF3; sc-4729) were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Abs against vimentin
(CBL202) were purchased from EMD Millipore (Billerica,
MA, USA). Abs against uPA receptor (UPAR; #12713), B-cell
lymphoma-2 (Bcl-2; #2870), Bcl-extra large (Bcl-xL; #2764),
Bcl-2-like protein 11 (Bim; #2933), BH3 interacting-domain
death agonist (BID; #2002), Bcl-2-associated death promoter
(Bad; #9239), p53 (#9919), CHIP (#2080), matrix metal-
loproteinase (MMP)2 (#13132), MMP9 (#13667), integrin 31
(ITGBI; #9699), keratin8/18 (#4546), epithelial cell adhesion
molecule (EpCAM; #14452), N-cadherin (#13116), phospha-
tase and tensin homolog (PTEN; #9559) and glycogen synthase
kinase (GSK)-3p (#9315), the Cell Cycle Regulation Sample
kit (#9932) and phospho-Akt Pathway Antibody Sampler kit
(#9916) were purchased from Cell Signaling Technology, Inc.
(Danvers, MA, USA). Abs against f-actin (AO1215a) were
purchased from Abgent, Inc. (San Diego, CA, USA).

Cell growth assay. The xCelligence RTCA instrument (ACEA
Biosciences, Inc., San Diego, CA, USA) was used to evaluate
the growth of the cells. In this assay, 8.0x10° cells were seeded
in each well in an E-plate and the impedance was continuously
monitored for 72 h. For each well, a ‘cell index’ was gener-
ated, which was determined by the number of cells seeded,
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the morphology and overall size of the cells, and the degree
to which the cells interacted with the sensor surface. The cell
index was continuously monitored by the system and data
were collected and analyzed using RTCA 1.2 software (ACEA
Biosciences, Inc.).

Bromodeoxyuridine (BrdU) assay. Cells (2.0x10* cells/well)
were seeded in a 96-well plate and cultured with fresh medium
in a humidified atmosphere containing 5% CO, at 37°C for
24 h. BrdU from a BrdU Cell Proliferation kit (cat. no. 2750;
EMD Millipore) was then added and the plate was incubated
for 5 h at 37°C. The medium was then removed and the
cells were fixed at room temperature for 30 min. Following
removal of the fixing solution, the cells were washed twice
with washing buffer, 100 ul/well diluted anti-BrdU antibody
was added, and the cells incubated for 1 h at room tempera-
ture. The wells were then washed prior to the addition of
100 pl/well peroxidase conjugate followed by 100 ul/well
of TMB peroxidase substrate, with incubation for 30 min at
room temperature following each addition. The reaction was
stopped by the addition of stop solution and the optical density
value at 450 nm (OD450) was measured.

Cell counting kit-8 (CCK-8) assay. Cell viability was measured
using a CCK-8 assay (cat. no. CK04; Dojindo Molecular
Technologies, Inc., Kumamoto, Japan). Cells (5.0x10° cells/well)
were seeded into a 96-well plate and incubated at 37°C for 24,
48 and 72 h. RPMI-1640 medium was used as a blank control.
Following incubation, 10 1 CCK-8 solution was added to each
well and the plate was continuously incubated at 37°C for 2 h.
The OD450 of each well was then monitored.

Cell cycle assay. Following culture for 48 h, cells were
washed thrice with ice-cold PBS and then fixed in cold 70%
ethanol for =24 h at 4°C. Single cell suspensions were then
prepared, in which the DNA was stained using propidium
iodide (PI; P4170; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) following the manufacturer's protocol. Cell cycle
analysis was conducted using a FACSCalibur flow cytom-
eter (BD Biosciences, Franklin Lakes, NJ, USA) with three
independent experiments performed. The stained cells were
analysed with BD CellQuest™ Pro software (BD Biosciences).

Cell apoptosis assay. Cells (2.0x10° cells/well) were incubated
in a 6-well plate and cultured with fresh medium for 24, 48
and 72 h. The cells were then washed thrice with ice-cold PBS
and the APC-Annexin V Binding Apoptosis assay kit (cat.
no. 22837; AAT Bioquest, Sunnyvale, CA, USA) was used to
measure apoptosis according to the manufacturer's protocol.

Cell migration assay. A cell migration assay was performed
using the xCelligence RTCA instrument with its CIM-plate.
The upper chambers of the CIM-plate were supplemented with
4x10* cells/well in FBS-free RPMI-1640 medium. The lower
chambers of CIM-plate were supplemented with RPMI-1640
medium containing 10% FBS. Following attachment, the
impedance produced by cell migration towards the lower
chamber was continuously monitored for 24 h by the system.
The data were collected and analyzed by the RTCA 1.2 soft-
ware.
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A Transwell chamber (cat. no. 3422; Corning Incorporated,
Corning, NY, USA) was also used to measure cell migra-
tion ability. The Transwell insert was supplemented with
4x10* cells/well in FBS-free RPMI-1640 medium, and
RPMI-1640 medium containing 10% FBS was added to the
lower chamber. After 48 h, the Transwell inserts were washed
thrice with PBS and fixed in methylethanol for =20 min.
The Transwell inserts were then stained with crystal violet
for 10 min at room temperature, washed and the remaining
crystal violet-stained cells were gently removed with a cotton
swab tipped applicator. The cells were counted under the light
microscope (magnification, x200) in =5 different fields of view
to calculate the mean number of migrated cells.

Scratch healing assay. When the cells reached 80-90%
confluence, a pipette tip was used to wound the cells and
fresh RPMI-1640 medium with 10% FBS was applied.
Wound healing was observed with a light microscope (System
Microscope 1X71) for 48 h. The gap closure was observed at
24 and 48 h, and compared with the width of the gap at O h.

Cell invasion assays. A cell invasion assay was performed with
the xCelligence RTCA instrument and CIM-plate as in the cell
migration assay. The upper chambers of the CIM-plate were
pre-coated with Matrigel (cat. no. 356234; BD Biosciences)
and then supplemented with 6x10* cells/well in FBS-free
RPMI-1640 medium. The lower chambers of the CIM-plate
were supplemented with RPMI-1640 medium containing 10%
FBS. Following attachment, the impedance produced by cells
invading through the Matrigel towards the lower chamber was
continuously monitored for 24 h by the system. The data were
collected and analyzed by the RTCA 1.2 software.

Transwell chambers were also used to measure cell inva-
sion. Matrigel was added to the Transwell insert and solidified
at 37°C for 4-6 h to form a thin gel layer. The Transwell
insert was supplemented with 6x10* cells/well in FBS-free
RPMI-1640 medium. The lower chamber was supplemented
with RPMI-1640 medium containing 10% FBS. After 48 h, the
Transwell inserts were washed thrice with PBS and fixed in
methylethanol for =20 min. The Transwell insert was stained
with crystal violet for 10 min at room temperature. After that,
the Transwell inserts were washed with PBS and the remaining
crystal violet-stained cells were gently removed with a cotton
swab tipped applicator. The cells were counted under a light
microscope (magnification, x200) in =5 different fields of view
to calculate the mean number of invaded cells.

Tissue microarray. CHIP expression was examined by immu-
nohistochemistry (IHC), and hematoxylin and eosin (H&E)
staining was also examined. A tissue microarray of human
prostate cancer (HProA180PG04) was obtained from
Shanghai Outdo Biotech Co., Ltd. (Shanghai, China). All the
tissue specimens in this microarray, which included prostate
cancer tissue and tissue adjacent to the cancer, were obtained
from 90 patients diagnosed with prostate cancer. Tissue
IHC was performed using anti-CHIP antibody (#2080; Cell
Signaling Technology, Inc.) according to the instructions of the
GTVision III Detection System/Mo & Rb IHC kit (GK500705;
Dako; Agilent Technologies, Inc., Santa Clara, CA, USA).
CHIP expression was graded on a scale of + to ++++ according
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Figure 1. Establishment of a CHIP-overexpressing DU145 cell line. (A) Representative images of GFP signals in the two established cell lines. GFP signals
in DU145-control and DU145-hCHIP cells were observed using fluorescence microscopy. The upper two images are bright field images, while the lower two
images are fluorescent field images (original magnification, x40). (B) The GFP signals of the DU145-control and DU145-hCHIP cells were examined by flow
cytometry. (C) CHIP mRNA expression between the two established cell lines. -actin normalized gene expression, measured in triplicates is displayed.
Significant differences were indicated ("“P<0.0001 vs. control; Student's t-test). (D) Protein levels of CHIP expression in the DU145-control and DU145-hCHIP
cell lines determined by western blotting. The level of each protein was normalized against actin. CHIP, carboxyl terminus of Hsc-70-interacting protein;

hCHIP, human CHIP; GFP, green fluorescent protein.

to the staining intensity of the cells. Positive CHIP staining
in each specimen was evaluated in the cytoplasm follows:
+, weak staining, light yellow; ++, moderate staining, light
yellow brown; +++, strong staining, brown; ++++, extreme
staining, dark brown. The grades were divided into two groups:
low (+/++) and high (+++/++++).

Statistical analysis. All experiments were repeated at least three
times. Data are expressed as the mean + standard deviation.
Statistical comparisons were performed by Student's t-test. The
clinical characteristics of the subjects were expressed as the
mean =+ standard deviation. Chi-square test was used to analyse
the associations between qualitative clinicopathological vari-
ables and CHIP expression. P<0.05 was considered to indicate
a statistically significant difference. Data were analyzed with
the statistical analysis software SPSS 18.0 for Windows (SPSS
Inc., Chicago, IL, USA).

Results

Establishing a CHIP-overexpressing cell line. To understand
the role of CHIP in DUI145 prostate cancer cells, a plasmid
overexpressing CHIP was constructed and transfected into
DU145 cells. When observed using fluorescence microscopy,

the DU145-control and DU145-hCHIP cells presented strong
GFP signals (Fig. 1A). The percentages of GFP-positive
cells, detected by flow cytometry, in the DU145-control
and DU145-hCHIP cells were 93.94 and 96.23%, respec-
tively (Fig. 1B). As shown in Fig. 1C, the CHIP mRNA
expression of selected clones, which were expanded for
2 weeks, was examined by RT-qPCR. The expression of CHIP
mRNA was significantly increased in the DU145-hCHIP cells
compared with the DU145-control cells. The protein levels
of CHIP in the DU145-hCHIP cells were also observed to be
markedly increased compared with those in the DU145-control
cells when evaluated using western blotting (Fig. 1D). The
results indicated that the DU145 prostate cancer cell line over-
expressing CHIP was established successfully.

CHIP overexpression promotes DUI45 cell growth. To
investigate the effect of CHIP overexpression on cell growth,
the real-time xCelligence system was used. The DU145 cells
overexpressing CHIP grew faster than the DU145-control
cells, and a significant difference was observed between the
two established cell lines during the 72-h continuous moni-
toring (Fig. 2A). A CCKS assay and BrdU proliferation assay
were performed to investigate the proliferation capability of
the DU145 cells. In the CCK8 assay, the OD450 values of the
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Figure 2. CHIP overexpression promotes DU145 cell growth. (A) Cell growth curves for DU145-control and DU145-hCHIP cells were constructed using the
xCelligence system. Each plate was inoculated with 8x10° cells and cell growth was examined during a 72-h continuous monitoring period ("P<0.05, “P<0.01
and ““P<0.001; Student's t-test). (B) CCK-8 assay was used to evaluate cell proliferation (“P<0.01; Student's t-test). (C) BrdU assay was used to further examine
cell proliferation. The bar chart represents the OD450 value of the two established cell lines. Significant differences are indicated (“P<0.01; Student's t-test).
(D) Flow cytometry was used to quantitatively evaluate the apoptotic cells. The bar chart represents the percentages of apoptotic cells of the two established
cell lines. Significant differences are indicated (“P<0.01; Student's t-test). CHIP, carboxyl terminus of Hsc-70-interacting protein; hCHIP, human CHIP;

CCK-8, cell counting kit-8; BrdU, bromodeoxyuridine.

DU145-control group were 0.690+0.068, 1.872+0.174 and
2.584+0.099 at 24, 48 and 72 h, respectively compared with
0.980+0.076,2.276+0.127 and 2.821+0.047, respectively in the
DU145-hCHIP group (Fig. 2B). The proliferation of the DU145-
hCHIP cells was much greater than that of the DU145-control
cells and statistically significant differences were detected
between the two established cell lines during the 72-h contin-
uous monitoring. Similar results were obtained in the BrdU
proliferation assay. The OD450 value of the DU145-control
cells was 0.184+0.023 and that of the DU145-hCHIP cells was
0.255+0.020 (Fig. 2C). The proliferation of the DU145 cells
with ectopic CHIP expression was significantly increased.
Cellular apoptosis was measured by flow cytometry and
the results are shown in Fig. 2D. The DU145-control cells
comprised 0.203+0.025, 0.210+0.020 and 0.200+0.010%
apoptotic cells at 24, 48 and 72 h, respectively, whereas the
DU145-hCHIP cells comprised 0.173+0.025, 0.177+0.015 and
0.143+0.015% apoptotic cells at 24, 48 and 72 h. Apoptosis
was reduced in the DU145-hCHIP cells compared with the
DU145-control cells, and a statistically significant difference
in the frequencies of apoptotic cells was detected between the
two types of cells at 72 h. Considered together, these results
indicate that CHIP overexpression accelerated the growth of
DU145 cells, likely due to the promotion of cellular prolifera-
tion and inhibition of cellular apoptosis.

CHIP regulates proliferation- and apoptosis-associated
proteins. Western blotting results for the cells are presented
in Fig. 3. The levels of proteins associated with the NF-kB
signaling pathway were examined. As shown in Fig. 3B, there

were no evident changes in the expression of RelA, RelB, p50,
p52 and c-Rel in NE and CE portions of the DU145-hCHIP
cells compared with the DU145-control cells. The protein
levels of TRAF2 and TRAF3, which are upstream molecules
of the NF-«B signaling pathway, were also examined. TRAF2
positively regulates canonical and non-canonical NF-xB
activity and TRAF3 negatively regulates non-canonical
NF-«B activity (15). In the present study, there were no clear
differences in the expression of TRAF2 and TRAF3 between
the DU145-hCHIP cells and the DU145-control cells.

AKT signaling molecules were also examined by western
blotting to investigate whether they are involved in the altered
cellular proliferation induced by the expression of CHIP. As
shown in Fig. 3C, the expression levels of total AKT, p-AKT-473,
p-AKT-308, p-PTEN, p-c-Raf, GSK-3f3 and p-GSK-3f3 were
higher in the DU145-hCHIP cells compared with the DU145-
control cells. The overexpression of CHIP led to a reduction
in the expression level of PTEN. However, the phosphoryla-
tion levels of 3-phosphoinositide-dependent protein kinase 1
were similar in the two types of DU145 cells (Fig. 3C). The
protein levels of Bcl-2, an anti-apoptotic protein, were mark-
edly increased in the DU145-hCHIP cells compared with the
DU145-control cells. By contrast, the protein levels of Bim,
a pro-apoptotic protein were reduced in the DU145-hCHIP
cells (Fig. 3D). Together, these results indicate that CHIP over-
expression led to activation of the AKT signaling pathway. In
addition, the promoted expression of anti-apoptotic proteins,
such as Bcl-2, and suppressed expression of pro-apoptotic
proteins, such as Bim, may have contributed to the reduction of
apoptosis in the DU145-hCHIP cells.
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Figure 3. CHIP overexpression regulates proliferation- and apoptosis-associated proteins. (A) Protein expression levels of TRAF2 and TRAF3 were analyzed
by western blotting. The level of each protein was normalized against actin. (B) The protein expression levels of nuclear factor-kB subunits were analyzed by
western blotting. Protein expression in the NE and CE portions were normalized against actin and laminA/C, respectively. (C) The expression levels of proteins
associated with the AKT signaling pathway were analyzed by western blotting. The level of each protein was normalized against actin. (D) Expression levels of
pro- and anti-apoptotic proteins were analyzed by western blotting. The level of each protein was normalized against actin. CHIP, carboxyl terminus of Hsc-70-
interacting protein; hCHIP, human CHIP; NE, nuclear extract; CE, cytoplasmic extract; TRAF, TNF receptor-associated factor; RelA, transcription factor p65;
RelB, transcription factor RelB; cRel, proto-oncogene c-Rel; AKT, protein kinase B; p, phosphorylated; PDK, 3-phosphoinositide-dependent protein kinase;
PTEN, phosphatase and tensin homolog; c-Raf, proto-oncogene c-Raf; GSK, glycogen synthase kinase; Bcl-2, B-cell lymphoma-2; Bim, Bcl-2-like protein 11;
Bcl-xL, Bcel-extra large; BID, BH3 interacting-domain death agonist; Bad, Bcl-2-associated death promoter.

CHIP overexpression promotes the GO-GI phase of the cell
cycle. Cell-cycle analyses and cellular DNA content measure-
ments were performed using PI staining. The percentages
of cells in the GO-G1, S and G2-M cell-cycle phases were
66.56+0.41, 16.15+0.826 and 18.02+0.91% respectively in
the DU145-control cells and 65.34+0.47, 16.78+0.19 and
18.53+0.64% in the DU145-hCHIP cells. No significant
differences were observed between the DU145-hCHIP and
DU145-control cells with regard to the proportions in the S
and G2-M phases. However, a significant difference was
detected in the proportion of cells in the GO-GI1 phase between
the two cell lines (P<0.05) (Fig. 4A). As shown in Fig. 4B, the
levels of proteins regulated in the cell cycle were detected by
western blotting. The results suggested that CHIP overexpres-
sion promoted the expression of cyclin-dependent kinase 2,
cyclin D1 and cyclin D3, and inhibited the expression of the

cell cycle inhibitory proteins p21 and p27. Therefore, it may be
concluded that CHIP overexpression promoted the prolifera-
tion and GO-G1 transition of prostate cancer cells.

CHIP affects the migration ability of DUI45 prostate cancer
cells. The migration ability of the cells was examined in vitro
using three different methods, namely a scratch healing assay,
the real-time xCelligence system and a Transwell assay. In
the scratch healing assay, the wound area was reduced to a
greater extent by the CHIP-overexpressing cells than by the
control cells (Fig. 5A). The real-time xCelligence system assay
indicated that the DU145-hCHIP cells migrated faster than the
DU145-control cells during the 24-h continuous monitoring,
and statistically significant differences were detected between
the two cell lines at 20 and 24 h (Fig. 5B). The Transwell cell
migration assay also demonstrated that the overexpression of
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Figure 4. Overexpression of CHIP promotes the cell cycle. (A) Cell cycle analysis for the DU145-control and DU145-hCHIP cell lines was detected by flow
cytometry. The bar chart represents the percentages of cells of the two established cell lines in three phases (G0-G1, S and G2-M). Significant differences were
indicated ("P<0.05; Student's t-test). (B) The expression levels of cell cycle related-protein were detected by western blotting. The level of each protein was
normalized against actin. CHIP, carboxyl terminus of Hsc-70-interacting protein; hCHIP, human CHIP; CDK, cyclin-dependent kinase.
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examined by a scratch healing assay at 0, 24 and 48 h. (B) The migration ability of cells was detected by a real-time xCelligence system. Each plate was
inoculated with 4x10* cells and migration was examined during a 24-h monitoring ('P<0.05 and “P<0.01; Student's t-test). (C) Transwell migration assay of
the two established cell lines. The cells were cultured in Transwell chambers for 48 h, then fixed and stained with crystal violet. The cells from five 20x fields

were counted under a microscope and quantified results are presented (© P<0.001; Student's t-test). CHIP, carboxyl terminus of Hsc-70-interacting protein;
hCHIP, human CHIP.

CHIP significantly increased the migration ability of the cells, ~1.5-fold (P<0.0001) for the DU145-hCHIP cells compared
as shown in Fig. 5C. Migratory cell numbers were increased  with the DU145-control cells (Fig. 5C). Therefore, it may



210
A L]
0.4 -@- control ok
4 hCHIP .»"l
0.34 x
3 4
k-]
£ 02 = {/"' }_...-E
% s ,f‘
0 R ,I
0.14 -
{’/:.'._‘
0.0' T T T T T T
Oh 4h 8h 12h 16h 20h 24h
Control hCHIP
MMP2
ITGB1
uPA
| Actin

CHENG et al: CHIP PROMOTES CELLULAR GROWTH, MIGRATION AND INVASION

B Control

1504 —
ey gy
E R R R
3 e T
3 100 e
= e
] %

Control

Control hCHIP

— | Kerating/18

EpCAM

“ Vimentin

——— i 4 ACHIN

Figure 6. CHIP overexpression promotes the invasive ability of DU145 cells. (A) The invasive ability of cells was detected using a real-time xCelligence
system. Each plate was inoculated with 6x10* cells and invasion was examined during a 24-h monitoring ("P<0.05 and “P<0.01; Student's t-test). (B) Transwell
invasion assay of the two established cell lines. The cells were cultured in Transwell chambers for 48 h and fixed and stained with crystal violet. The invaded

ok

cells from five 20x fields were counted under a microscope and quantified results are presented (" P<0.001; Student's t-test). (C) Protein expression levels of
MMP9, MMP2, ITGBI1, uPA and uPAR were analyzed by western blotting. The level of each protein was normalized against actin. (D) Protein expression
levels of keratin8/18, EpCAM, vimentin and N-cadherin were analyzed by western blotting. The level of each protein was normalized against actin. CHIP, car-
boxyl terminus of Hsc-70-interacting protein; hCHIP, human CHIP; MMP, matrix metalloproteinase; ITGBI, integrin $1; uPA, urokinase-type plasminogen

activator; uPAR, uPA receptor; EpCAM, epithelial cell adhesion molecule.

be concluded that the overexpression of CHIP increased the
migration ability of the DU145 prostate cancer cells.

CHIP affects the invasion ability of DUI45 prostate cancer
cells. To examine the effect of CHIP on the invasion ability
of DUI145 cells, the real-time xCelligence system was used
and Transwell cell invasion assays were performed. As shown
in Fig. 6A, the DU145 cells overexpressing CHIP invaded
through the Matrigel faster than the control cells did, and there
was a statistically significant difference between the cell index
for the two cell lines during the 24-h continuous monitoring.
In the Transwell assay, the invasive cells numbers were signifi-
cantly increased ~6-fold (P<0.0001) for the DU145-hCHIP
cells compared with the DU145-control cells (Fig. 6B).

MMP and uPA systems serve an important role in the inva-
sion of tumor cells (16). In the present study, it was observed
that the protein levels of MMP9 and uPAR were increased in
the DU145-hCHIP cells compared with the DU145-control
cells. However, no marked differences in the expression of
MMP2 and uPA were detected. ITGBI1 is associated with
the function of invasion (17), and no difference in ITGBI1
protein levels was evident between the two cell lines (Fig. 6C).

Epithelial mesenchymal transition (EMT) enables cancer cells
to invade and migrate, finally resulting in metastasis (18).
Biomarkers of the EMT process were investigated in the
present study. The results demonstrated that CHIP overex-
pression upregulated the protein level of vimentin, which is a
mesenchymal marker (19). As epithelial markers, the protein
levels of N-cadherin, EpCAM and keratin8/18 (20-23) were
not affected by the overexpression of CHIP (Fig. 6D). These
results suggest that the overexpression of CHIP promoted
the invasive ability of prostate cancer by inducing the EMT
process.

CHIP expression in human prostate cancer tissues. The
expression levels of CHIP in 90 pairs of prostate cancer tissues
and adjacent tissues were detected by IHC. The expression of
CHIP in the prostate cancer cells was compared with that in
the cells adjacent to the cancer. Representative cases of CHIP
expression in cancer tissues and adjacent tissues are shown
in Fig. 7. Positive immunohistochemical staining for CHIP
was present mainly in the cytoplasm and on the membrane
of the prostate cancer cells and the expression of CHIP in the
prostate cancer tissues was higher than that in the adjacent
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Table I. Association between CHIP expression as determined by immunohistochemistry and the clinical pathological character-

istics of patients with prostate cancer.

CHIP expression, n (%)

Characteristics Patients, n (%) High Low P-value
All patients 90 53 (58.89) 37 (41.11)
Age (years)® 0.970
<70 46 (51.11) 27 19
>70 44 (48.89) 26 18
Gleason score 0.005
5-6 29 (32.22) 11 18
7-10 61 (67.78) 42 19

*The median (range) age of the patients was 70 (55-90) years. CHIP, carboxyl terminus of Hsc-70-interacting protein.

Figure 7. Representative cases of H&E staining and CHIP expression in prostate cancer tissue and adjacent tissue to the cancer. Positive immunohistochemical
staining for CHIP was detected primarily in the cytoplasm of the prostate cancer cells. Original magnification, x200 and boxed areas are shown at higher
magnification, x400. H&E, hematoxylin and eosin; CHIP, carboxyl terminus of Hsc-70-interacting protein.

tissues. Overall, high staining of CHIP was detected in 53/90
(58.89%) prostate cancer tissues, while relatively low staining
of CHIP was detected in 37/90 (41.11%) cancer samples.
The association between CHIP expression and the clinical
pathological characteristics of the prostate cancer patients is
presented in Table I. The CHIP expression level exhibited a
positive association with the Gleason scores of the prostate
cancer patients (P<0.005), but did not differ according to the
age of the patients (P=0.097). The results indicate that CHIP
expression was increased in the prostate cancer tissue and that
CHIP overexpression is an indicator of the cancer grade, and
hence a poor prognosis.

Discussion

In the present study, CHIP was demonstrated to be important in
the progression of prostate cancer. As an androgen-dependent
cancer, prostate cancer is effectively treated by androgen with-
drawal in the early stages. However, with progression of the
disease, prostate cancer may become androgen-independent
and resistant to hormone therapy (24). As androgen-independent

cells, DU145 cells have a very low degree of differentiation and
powerful migration and invasion abilities (25). In the present
study, the overexpression of CHIP promoted cell proliferation
and suppressed apoptosis in the DU145 prostate cancer cells,
which was associated with activation of the AKT signaling
pathway and the regulation of pro- and anti-apoptotic proteins.
The migration and invasion of DUI145 cells were also accel-
erated by the overexpression of CHIP, which was associated
with the upregulation of MMP9 and uPAR. Furthermore, the
present study revealed that overexpression of CHIP increased
the protein level of vimentin, which is a mesenchymal marker,
but not the protein levels of epithelial markers in the EMT
process. In addition, evidence that increased CHIP expression
is positively associated with a high histological grade of pros-
tate cancer was obtained. Collectively, these results indicate
that CHIP serves an oncogenic role in human prostate cancer.

CHIP is an E3 ubiquitin ligase and an HSP70 and
HSPI0 interacting co-chaperone. CHIP functions as a tumor
suppressor in numerous types of tumors, including colorectal
cancer, gastric cancer and breast cancer (26-28). However,
there is also evidence to suggest that CHIP is a powerful
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oncogene in other types of tumors (12,13). In the present
study, the results indicated that CHIP functions as an onco-
genic driver of prostate cancer cell proliferation. The forced
expression of CHIP in DU145 cells increased cell proliferation
by activation of the AKT signaling pathway, upregulation of
p-PTEN and downregulation of PTEN. The AKT signaling
pathway promotes the proliferation, migration and invasion
of cancer cells and PTEN is a well-known suppressor of
this pathway; however, PTEN can lose its tumor suppressor
function by phosphorylation (29). It has previously been
demonstrated that CHIP overexpression is associated with the
phosphorylation of PTEN, which activates the AKT signaling
pathway (30). In MCF7 and MCF10A human breast cancer
cells, CHIP activates the AKT/forkhead box O3 (FoxO)/Bim
signaling pathway to induce proliferation and apoptosis resis-
tance by downregulating the level of PTEN (31). In human
prostate cancer cells, the overexpression of CHIP leads to
the accelerated degradation and elevated ubiquitination of
endogenous PTEN, while the depletion of endogenous CHIP
stabilizes PTEN (32). In thyroid cancer tissue and cell lines,
the upregulation of CHIP increases the cell viability and
growth via activation of AKT and MAPK pathways, while the
downregulation of CHIP induces the opposite results (12). The
present study demonstrated that the expression of PTEN was
downregulated in DU145-hCHIP cells; however, the mecha-
nism requires further exploration.

Previous evidence suggests that CHIP modulates mitotic
arrest to suppress the proliferation of prostate cancer cells
by degrading the androgen receptor in androgen-dependent
LNCaP prostate cancer cells (33). In gastric cancer, CHIP
overexpression promotes the ubiquitination and degradation of
p65, which are canonical NF-«B signaling pathway activities,
to inhibit the growth of xenografts and blood vessel formation
in nude mice (27). In breast cancer cells, CHIP induces the
downregulation of TRAF2 to inhibit NF-kB-mediated cell
invasion (34). Unlike the previous findings, the present study
indicated that CHIP had no association with the canonical or
non-canonical NF-«xB signaling pathways.

In the present study, CHIP-overexpression attenuated
the apoptosis of the DU145 prostate cancer cells. The data
revealed that Bcl-2, an anti-apoptotic protein, was mark-
edly upregulated in the CHIP-overexpressing DUI145 cells,
whereas Bim, a pro-apoptotic protein, was downregulated.
A previous study revealed that excessive CHIP expression
promoted abnormal AKT activation, inactivated the FoxO3
signaling pathway and decreased the level of Bim (31). AKT
phosphorylation releases Bcl-2 from the polymer to serve an
anti-apoptotic function and decreases the proteins level of Bax
and Bad (35,36). Bcl-2 and Bcl-xL are anti-apoptotic members
of the Bcl-2 family that regulate cell apoptosis. The results of
the present study revealed no marked differences in the protein
expression levels of Bcl-xL, but clear differences in the protein
expression levels of Bcl-2. Although Bcl-2 and Bcel-xL have
similar structural features (37), they undergo different changes
in certain situations. It has been shown that the expression of
Bcl-xL is high in some hemopoietic tumors, while the expres-
sion of Bcl-2 is low (38). In present study, proliferation was
significantly promoted and apoptosis was inhibited in the
CHIP-overexpressing DU145 cells. These results are consis-
tent with those reported in the previous studies.
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Observation of cell cycle revealed that DU145-hCHIP
cells went through the GO-GI1 phase faster than DU145-
control cells. The western blotting results indicated that CHIP
overexpression triggered the upregulation of cyclin D1 and
the downregulation of p21 and p27. Cyclin D1, p21 and p27
are cell cycle-dependent regulatory factors that act as the
downstream molecules of the AKT signaling pathway (39).
Previous studies have indicated that the activated AKT
pathway induces the expression of cyclin DI to promote the
cell cycle by the phosphorylation of GSK-3f3 (40,41). The AKT
signaling pathway inhibits apoptosis and promotes cellular
proliferation via the regulation of p27 and GSK-3p (42-44).
CHIP is able to induce the ubiquitylation and degrada-
tion of p21, which leads to transient cell cycle arrest in the
G1 phase (45). Previous studies suggested that the inhibition
of CHIP upregulates the level of TGF-B-responsive p21 and
pl5 to affect cell cycle transition (46,47). Cyclin D1 and p27
are directly modulated by the AKT signaling pathway at the
transcriptional level to modulate cell proliferation (48-50).
These observations lead to the conclusion that CHIP promoted
the proliferation of prostate cancer cells via the promotion of
cell cycle progression.

The high mortality rate of prostate cancer is associated
with the high metastatic ability and invasive nature of this
cancer (3). Degradation of the basement membrane barriers
and the extracellular matrix (ECM) are crucial steps in the
pathogenesis of prostate cancer (51). The functions of MMPs
in the progression of tumor invasion and tissue remodeling
have been confirmed (52). MMP2 and MMP9 are gelatinases
and the two enzymes are relevant to the degradation of ECM
through strong proteolytic activity (53). Previous studies
indicated that high expression levels of CHIP are associated
with the suppression of MMPY, which inhibits breast cancer
invasion (7,34). In a similar manner to MMPs, uPA and uPAR
are vital determinants in the degradation of the EMC; studies
indicate that uPAR acts as a single transducer that associates
with certain cell surface molecules, such as integrin, in cell
migration and adhesion (54-56). In DU145 and PC3 cell lines,
the downregulation of MMP9 and uPAR inhibited angiogen-
esis, Matrigel invasion and wound healing ability, and induced
apoptosis (57). Consistently with the previous findings, the
present study indicated that the upregulation of MMP9 and
uPAR was associated with the increased migration and inva-
sion ability of CHIP-overexpressing prostate cancer cell lines.
However, CHIP did not appear to affect the expression levels
of MMP2, ITGBI and uPA.

EMT is a crucial process that changes epithelial cells to
the migratory mesenchymal phenotype (19). During tumori-
genesis, normal cancer cells acquire the ability to metastasize
via EMT. In this procession, the acquisition of a mesenchymal
phenotype by epithelial cells is accompanied by the upregu-
lation of mesenchymal markers, including vimentin and
N-cadherin, and the downregulation of epithelial markers,
including N-cadherin, EpCAM and keratin8/18 (51,58). The
present study demonstrated that CHIP overexpression upregu-
lated the protein level of vimentin in DU145 prostate cancer
cells, but did change the expression levels of N-cadherin,
EpCAM and keratin8/18. Therefore, it may be concluded that
CHIP overexpression increases the expression of vimentin and
thereby induces EMT.
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In the present study, the CHIP expression level was
observed to be significantly elevated in prostate cancer tissues
compared with normal tissue, and the expression level of
CHIP was associated with the Gleason score, but not with age.
These findings are in line with previous findings in gliomas
and esophageal squamous cell carcinoma (59,60). In view
of the observation that CHIP is able to distinguish between
different stages in the progression of prostate cancer, it may
have potential as a clinical marker of prostate cancer.

In conclusion, CHIP overexpression significantly promoted
the growth, migration and invasion of prostate cancer cells.
The results of the present study suggest that CHIP effected
the progression of proliferation in prostate cancer cells via
downregulation of the expression of PTEN, which activated
the AKT signaling pathway. Activation of the AKT signaling
pathway significantly induced cell proliferation by facilitating
cell growth, suppressing apoptosis and promoting GO0-G1
transition. CHIP expression was positively associated with the
ability of tumor cells to invade and migrate. CHIP possibly
induced the EMT process in the prostate cancer cells to confer
migratory and invasive properties to the cells. However, the
molecular mechanism of CHIP in the process of migration
and invasion required further elucidation. CHIP expression is
associated with the Gleason scores of prostate cancer patients.
High expression levels of CHIP were detected in prostate
cancer tissues and were positively associated with high
Gleason scores. These findings establish a tumor-promoting
role for CHIP in the tumorigenesis of prostate cancer and have
important implications for the diagnosis and therapy of this
disease.
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