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Holliday junction-recognition protein modulates
apoptosis, cell cycle arrest and reactive oxygen
species stress in human renal cell carcinoma
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Abstract. Holliday junction recognition protein (HIURP) is
involved in the regulation of mortality in various cell types,
including renal cell carcinoma (RCC) cells. The specific
mechanisms by which HJURP regulates RCC cell apoptosis
and the cell cycle have not been previously investigated, to
the best of our knowledge. In the present study, the expression
of HJURP in RCC tissues and adjacent paracancerous renal
tissue, as well as in RCC cell lines, was analyzed using reverse
transcription-quantitative PCR and western blot analysis.
The A498 RCC cells were transfected with an HIURP
overexpression vector, which resulted in reduced prolifera-
tion, as demonstrated using immunofluorescence staining, a
Cell Counting Kit-8 assay and a colony formation assay.
Flow cytometry and terminal deoxynucleotidyl transferase
deoxyuridine triphosphate nick end labelling assays were
used to determine the effect of HIURP on the cell cycle and
apoptosis of RCC cells. Proteins associated with the reactive
oxygen species (ROS) status were analyzed using western blot
analysis. The expression of HJURP was lower in RCC tissues
and cells compared with that in the adjacent paracancerous
renal tissues and control cells. Furthermore, overexpression of
HJURP resulted in a decrease in cell viability and prolifera-
tion in vitro. Overexpression of HIURP resulted in cell cycle
arrest at the GO/G1 phase, cell apoptosis and an increase in
ROS stress. In addition, the phosphorylated/total sirtuin 1
(SIRT1) protein ratio was decreased, whereas the expression
of peroxisome proliferator-activated receptor (PPAR)y was
increased in the HTURP-overexpressing RCC cells. In clinical
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practice, decreased HIURP expression may be associated with
poor prognosis in patients with RCC. These results suggest
that HTURP may regulate cell apoptosis and proliferation in
RCC cells and this may be mediated by PPARY/SIRT1. Thus,
HJURP may be used as a predictor of prognosis in patients
with RCC.

Introduction

Renal cell carcinoma (RCC) accounts for 3-5% of all cancer
diagnoses worldwide (1). The incidence rate of RCC has been
increasing annually, and at present, ~20% of newly diagnosed
RCC cases result in death. RCC is one of the leading causes
of cancer-associated death worldwide, according to the World
Health Organization (WHO) (2) and 20-30% of patients with
RCC present with metastases at the initial diagnosis (2). Due
to the limitations of current treatment methods, which may
result in the development of resistance to chemoradiotherapy,
as well as the difficulty of radical resection, novel therapeutic
targets are required to improve outcomes of patients with
RCC. Wei et al (3) demonstrated that the expression levels of
certain hub genes [CDKN3, TPX2, BUB1B, CDCAS8, UBE2C,
NDC80,RRM2,NCAPG,NCAPH,PTTG1,FAM64A, ANLN,
KIF4A, CEP5S5, centromere protein (CENP)-F, KIF20A,
ASPM and Holliday junction recognition protein (HIJURP)]
were significantly associated with overall survival and recur-
rence-free survival in RCC (3). In recent years, HTURP has
been demonstrated to involve in the cell viability and cell cycle
in numerous types of human tumor (4-7). However, the mecha-
nism of HIURP in RCC has remained elusive. Therefore, in
the present study, HTURP was selected as the research subject
to investigate its role in the development of RCC.

HIJURP, also known as hFLEG]I, is a histone chaperone in
the nucleosome, which recruits CENP-C and CENP-A (5,6).
HJURP has been indicated to regulate chromosomal stability
and amplification of the centromere (7,8). HIURP is also
involved in the accurate segregation of chromosomes during
mitosis. HTURP binds directly to soluble CENP-A, stabilizing
it and regulating its binding to centromeres during the Gl
phase of the cell cycle (9). HIURP is upregulated by ataxia
telangiectasia-mutated signaling during a DNA double-strand
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break response and participates in the homologous recombi-
nation pathways during repair of double-stranded breaks (4).
Downregulation of HIURP levels results in a significant
reduction of CENP-A levels at centromeres, which may affect
centromere assembly and microtubule attachment, and may
thus underlie defects in chromosome segregation during
mitosis (10-12).

Valente et al (13) demonstrated that the upregulation
of HJURP expression may serve an important role in the
survival of cells with a high degree of proliferative activity
in high-grade malignancy gliomas. Furthermore, HJURP has
been demonstrated to be involved in cell viability and the cell
cycle in lung carcinoma (4), breast carcinoma (14), bladder
cancer (15) and hepatocellular carcinoma (16), and may be a
novel and important prognostic indicator involved in the devel-
opment and progression of several types of cancer (17-19).

Peroxisome-proliferator-activated receptors (PPARSs)
are nuclear receptors that regulate tumor growth (20,21).
Activation/deactivation of PPARs may affect the expression of
genes associated with cellular metabolism, proliferation, lipid
peroxidation and stress responses, including reactive oxygen
species (ROS) (22). The nuclear receptor PPARYy, a key member
of the PPAR family, is involved in cell cycle regulation (23,24),
where it binds to the promoter region of sirtuin (SIRT)I to
regulate its transcription (25). SIRT1 functions as a key regu-
lator of genes regulating apoptosis and cell survival, including
PPARY (26) and p53 (27). The association between PPARy and
SIRT1 and the presence of a negative feedback loop between
PPARY/SIRT]1 has been previously reported (25).

Tumor cells are characterized by an accumulation of muta-
tions that drive tumor development and progression, including
changes in the number of copies of chromosomes, chromo-
somal rearrangements, point mutations and small deletions
and insertions (28-30). Although the association between RCC
and HJURP has not been previously demonstrated, to the best
of our knowledge, preliminary results by our group indicated
that HTURP participates in the regulation of the cell cycle and
cell apoptosis in RCC. Thus, it was hypothesized that changes
in HIURP expression levels may serve an important role in the
regulation of cell viability and the cell cycle of RCC cells. In
the present study, HTURP expression levels were determined
and the expression of ROS-associated genes was detected in
RCC tissues; furthermore, the roles of HIURP were assessed
in vitro using RCC cell lines.

Materials and methods

Patients. RCC tissue samples (n=15) and adjacent paracan-
cerous renal tissue samples (n=15) were obtained from patients
who underwent radical resection at the Affiliated Hospital of
Qingdao University (Qingdao, China). The age of the subjects
ranged from 35 to 76 years with a median age of 56 years,
including 10 males and 5 females. These samples were imme-
diately stored in liquid nitrogen following surgical removal
for further analysis. All patients provided written informed
consent and the diagnosis of RCC was determined according
to the WHO criteria (31). The Medical Ethics Committee
at the Affiliated Hospital of Qingdao University (Qingdao,
China) approved the use of human RCC tissue samples for
protein analysis and RNA extraction (approval no. 201801),
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and all experiments involving the RCC tissue samples were
performed in accordance with the criteria approved by the
Ethics Committee.

Cell culture. The RCC cell lines A498 (KG414) and Caki-1
(KG211), as well as the renal tubular epithelial cell line HK2
(KG350), were purchased from Nanjing KeyGen Biotech Co.,
Ltd. The A498 and Caki-1 cells were cultured in RPMI-1640
medium (Gibco; Thermo Fisher Scientific, Inc.), while HK2
cells were cultured in Dulbecco's modified Eagle's medium
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
100 U/ml penicillin, 0.1 mg/ml streptomycin and 10% fetal
bovine serum (Gibco; Thermo Fisher Scientific, Inc.). Cells
were maintained in a humidified incubator with 5% CO,
at 37°C.

Reverse transcription-quantitative (RT-qPCR) analysis. RNA
was extracted from A498 cells, Caki-1 cells and RCC tissues
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. Complementary
DNA synthesis was performed using oligo(dT), MLV Reverse
Transcriptase, Reverse Transcription 5X Buffer and dANTP
Mixture (10 mM each dNTP) according to the manufacturer's
protocol (Takara, Bio, Inc.) after RNA was treated with DNAse
I (Sangon Biotech, Co., Ltd.) and RNAse inhibitor (Invitrogen;
Thermo Fisher Scientific, Inc.). The SYBR Green I Real-Time
PCR kit (Takara Bio, Inc.) was used to perform qPCR
according to the manufacturer's protocol and the amplifica-
tion was performed in an ABI Prism 7500 (Perkin-Elmer,
Inc.). The following thermocycling conditions were used for
the gPCR: 40 cycles of 95°C for 15 sec, 60°C for 20 sec and
72°C for 40 sec. The expression was normalized to GAPDH.
The sequences of the primers used were as follows: HTURP
forward, 5'-CCGCAGCAGACATCTGACCTTC-3' and
reverse, 5"TCCGTGGCCTGGCACTTCTT-3"; and GAPDH
forward, 5'-AGATCATCAGCAATGCCTCCT-3" and reverse,
5'"TGAGTCCTTCCACGATACCAA-3'. The mRNA expres-
sion levels were calculated using the 2" method (32).

Western blot analysis. RCC tissue samples and adjacent
paracancerous renal tissue samples were homogenized in
150 U/ml DNase I buffer in 5 mmol/l MgCl,, 1 mmol/l CaCl,
and 20 mmol/l Tris-HCI (pH 6.8; Takara Bio, Inc.). Cells
were sonicated and lysed in radioimmunoprecipitation assay
lysis buffer supplemented with protease and phosphatase
inhibitors (Nanjing KeyGen Biotech Co., Ltd.) for 15 min
at 4°C. The solution was centrifuged at 14,000 x g for 15 min
at 4°C and the supernatant was collected. The concentrations
of proteins were determined using a bicinchoninic acid assay
kit (Nanjing KeyGen Biotech Co., Ltd.), with bovine serum
albumin (BSA) used as the standard (Nanjing KeyGen
Biotech Co., Ltd.). Proteins (10 pg) were loaded on a 10%
SDS gel, resolved using SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Nanjing KeyGen
Biotech Co., Ltd.). Membranes were blocked in 5% BSA
for 2 h at room temperature. Subsequently, membranes
were incubated with primary antibodies, including those
to HIURP (1:2,000; cat. no. abl00800; Abcam), catalase
(1:10,000; cat. no. ab76024; Abcam), superoxide dismutase
(SOD)2 (1:1,000; cat. no. ab68155; Abcam), PPARy (1:1,000;
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Figure 1. Downregulation of HJURP in RCC tissues. (A) The mRNA expression levels of HJURP in RCC tissues were significantly lower compared with the
control tissues. (B) The protein expression levels of HTURP in RCC tissues compared with the control paracancerous tissues. “P<0.01 as indicated. (C) mRNA
expression levels of HJURP was significantly decreased in RCC cell lines compared with that in renal tubular epithelial cells. (D) HIURP protein expression
in RCC cell lines compared with the control group. “P<0.05, “P<0.01 vs. HK2. HJURP, Holliday junction recognition protein; RCC, renal cell carcinoma.

cat. no. ab59256; Abcam), phosphorylated (p)-SIRT1 (1:1,000;
cat. no. ab76039; Abcam), SIRT1 (1:1,000; cat. no. ab110304;
Abcam), forkhead box (FOX)O3a (1:100; cat. no. BM4734,
Wuhan Boster Biological Technology, Ltd.), p-FOXO3a
(1:1,000; cat. no. ab154786; Abcam) and cyclin D1 (CCNDI,;
1:1,000; cat. no. ab40754; Abcam) overnight at 4°C, followed by
horseradish peroxidase-labeled secondary antibody (1:10,000;
cat. no. KGAA35; Nanjing KeyGen Biotech Co., Ltd.) for 1 h
at room temperature. GAPDH (1:3,000; cat. no. K200057M,;
Solarbio Life Science) was selected as the loading control. As
GAPDH and CCNDI have a similar molecular weight, the
same specimen was added to two different gels, electrophoresis
was performed on the same apparatus and labeling with the
antibodies was performed separately. Signals were visualized
using enhanced chemiluminescence reagent (Bio-Rad
Laboratories, Inc.) and bands were imaged using a G:BOX
chemiXR5 system (Syngene Europe).

Overexpression of HJURP in RCC cells. A
pcDNA3.1(+)-HJURP vector was synthesized by Nanjing
KeyGen Biotech Co., Ltd. The A498 RCC cells (2,000 cells/well)
were plated in 96-well plates and pcDNA3.1(+)-HJURP vector
were introduced into cells using Oligofectamine (Invitrogen;
Thermo Fisher Scientific, Inc.). Cells were fixed and processed for

the subsequent experiment 72 h after transfection. The A498 RCC
cells were transfected with the pcDNA3.1(+)-HJURP vector to
increase the mRNA expression levels of HTURP (A498 HIURP
OE). The A498 cells were used as the control group and the
A498 cells transfected with pcDNA3.1(+) were used as a negative
control (A498 NC).

Immunocytochemistry. Cells were washed three times with
cold PBS and fixed in 4% paraformaldehyde for 30 min at room
temperature. RCC cells were placed in 3% H,0,-methanol
solution (Nanjing KeyGen Biotech Co., Ltd.) for 10 min at
room temperature, washed in PBS and blocked in standard goat
serum (Nanjing KeyGen Biotech Co., Ltd.) at room temperature
for 20 min. Following blocking, cells were incubated with the
HJURP primary antibody (1:100; cat. no. ab100800, Abcam)
for 2 h at 37°C, washed using PBS and subsequently incubated
with FITC-labeled secondary antibody (1:100; cat. no. BA1105;
BosterBiological Technology) for 1 h at 37°C. To visualize the
nuclei, cells were stained with DAPI (2 pug/ml) for 5 min at
room temperature. Immunofluorescence staining was observed
using a fluorescence microscope (x200 magnification).

Cell Counting Kit-8 (CCK-8) assay. RCC cells were collected
(5x10* cells/ml) following transfection for 48 h and seeded
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Figure 2. Overexpression of HJURP reduces RCC cell proliferation. (A) Protein and (B) mRNA expression levels of HJURP in A498 RCC cells transfected
with HJURP overexpression vector or the control vector. (C) Representative immunofluorescence staining of HJURP (green) in (a) untransfected RCC cells
and cells transfected with (b) control vector and (c) HJURP overexpression vector. DAPI (blue) was used for nuclear staining (scale bar, 50 zm; magnification,
x200) (D) Viability of RCC cells transfected with HJURP overexpression vector or the control vector were detected using a Cell Counting Kit-8 assay. (E) Cell
viability inhibition rate was also detected after 72 h using Cell Counting Kit-8 assay. (F) Colony formation was assessed in cells transfected with HTURP
overexpression vector or the control vector (scale bar, 1 cm). (G) Quantitative analysis of the colony formation assay. "P<0.05, “P<0.01 vs. control and “P<0.05,
#P<0.01 vs. A498 NC. HIURP, Holliday junction recognition protein; RCC, renal cell carcinoma; OE, overexpression; NC, negative control.

in 96-well plates and cultured for 72 h. Subsequently, 10 ul
CCK-8 solution (5 mg/ml) was added to each well and cells
were incubated at 37°C for 2 h. The absorbance was measured
using a microplate reader at 450 nm (BioTek ELx800; BioTek
Instruments, Inc.).

Colony formation assay. Following transfection for 48 h, RCC
cells were cultured in 6-well plates (5x10* cells/ml) at 37°C for
12 days. Subsequently, cells were washed twice with PBS, fixed
in 4% paraformaldehyde for 20 min at room temperature, stained
using Giemsa stain for 10 min at room temperature, and subse-
quently, the colonies (>50 cells/colony) in the wells were counted
and imaged using a fluorescence microscope (Olympus Corp).

Cell cycle and apoptosis analysis. A total of 5x10° cells were
collected and centrifuged (300 x g for 5 min at 4°C). Cell

pellets were washed and resuspended in a solution consisting
400 ul propidium iodide (PI), 100 ¢l RNase A and permeabili-
zation solution (Nanjing KeyGen Biotech Co., Ltd.) for 30 min
at 4°C in the dark. Cell cycle analysis was performed using
flow cytometry (FACSCalibur™; BD Biosciences). Cell apop-
tosis was measured using an Annexin V-FITC/PI Apoptosis
Detection kit I (Nanjing KeyGen Biotech Co., Ltd.) according
to the manufacturer's protocol and assessment was performed
using flow cytometry (FACSCalibur™; BD Biosciences).

Terminal deoxynucleotidyl transferase deoxyuridine
triphosphate nick end labelling (TUNEL) assay. Following
transfection for 72 h, RCC cells were fixed using 4% parafor-
maldehyde for 30 min at room temperature and subsequently
washed using cold PBS. Cells were permeabilized using 1%
Triton X-100 for 15 min and washed three times in PBS.
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A498 HIURP KD

Figure 3. Apoptosis in renal cell carcinoma cells is increased by HJURP. (A) A498 cells were transfected with control-vector or an HIURP overexpression vector
for 72 h. Annexin V-FITC/PI staining and flow cytometry were used to quantify cell apoptosis. (B) Apoptotic rate (%) in the NC group, HTURP-OE group and
A498 cells. (C) Apoptosis (red) was detected using a TUNEL-assay in A498, NC and HJURP-OE cells. DAPI (blue) was used to stain the nuclei. (D) Apoptosis
was significantly increased in the HTURP-OE cells compared with the control group. “P<0.01 vs. control and #P<0.01 vs. A498 NC. HJURP, Holliday junction
recognition protein; OE, overexpression; NC, negative control; PI, propidium iodide; UL, upper left; LL lower left; UR, upper right; LR, lower right.

Analysis of apoptosis was performed using a TUNEL assay
(cat. no. KGA7061; Nanjing KeyGen Biotech Co., Ltd.)
according to the manufacturer's protocol. Nuclear staining was
performed using 100 1 DAPI for 5 min at room temperature,
followed by washing with PBS. Cells were imaged using a
fluorescence microscope (magnification, x200) and counted
using a manual cell counter.

Statistical analysis. Values are expressed as the mean + stan-
dard deviation of three experimental repeats. Expression
levels between RCC and adjacent paracancerous renal
tissue samples were analyzed by a parametric paired
t-test. One-way analysis of variance followed by the least
significant difference test was used to analyze the values for
each condition/group. Analysis was performed using SPSS
version 17.0 (SPSS, Inc.). P<0.05 was considered to indicate a
statistically significant difference.

Results

HJURP expression is downregulated in RCC vs. paracan-
cerous tissues. mRNA expression levels of HIURP in 15
pairs of RCC samples and the adjacent matching tissues were
analyzed using RT-qPCR. The results indicated that HTURP

expression was downregulated in RCC tissues compared
with that in adjacent normal tissue samples (Fig. 1A). Similar
results were obtained at the protein expression level, where
HJURP was indicated to be downregulated in the RCC
tissues compared with the matched normal tissues (Fig. 1B).
Furthermore, HJURP protein and mRNA expression levels in
the RCC cell lines were downregulated compared with those
in renal tubular epithelial cells (Fig. 1C and D).

Reduced HIURP expression increases proliferation and
viability of RCC cells. For subsequent in vitro experiments,
the A498 cell line was used, as the endogenous expression
levels of HIURP were lower than those of the other cell lines.
The A498 cells were transfected with a pcDNA3.1(+) vector
containing an HIURP transcript and successful upregulation
was confirmed using RT-qPCR and western blot analysis
at 72 h after transfection (Fig. 2A and B). Immunofluorescence
staining suggested that the protein expression levels of HTURP
were also significantly increased in the HJURP-transfected
cells (Fig. 2C), further confirming the successful establish-
ment of an HIURP overexpression cell line. A CCK-8 assay
and colony formation assay indicated that A498 cells over-
expressing HIURP exhibited reduced viability and colony
formation compared with the empty vector-transfected cells
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(Fig. 2D-G). Taken together, these results suggest that HTURP
inhibits RCC in vitro.

HJURP overexpression in A498 cells increases apoptosis.
As the growth of HIURP-overexpressing A498 cells was
significantly reduced, the apoptotic status of the RCC cells
was also assessed. The ratio of the cells in early apoptosis
in the HJURP-overexpressing A498 cells was significantly
increased compared with that in the empty vector-transfected
cells (Fig. 3A and B). Furthermore, a TUNEL assay confirmed
total apoptosis results (Fig. 3C and D).

HJURP overexpression results in cell cycle arrest at the
GO/GI phase. Changes in the cell cycle were assessed using
flow cytometry. The results suggested that the proportion
of cells in GO/G1 phase was significantly increased and the
ratio of cells at the G2/M phase was significantly decreased
in the HJURP-overexpressing cells (Fig. 4A and B).
Furthermore, CCNDI1 expression was decreased in the
HJURP-overexpressing cells compared with the empty
vector-transfected control cells (Fig. 4C).

Upregulation of HIURP increases ROS stress in A498 cells.
Catalase and SOD2 protein expression levels, both of which are
associated with the antioxidant response and ROS metabolism,
were significantly decreased in the HJURP-overexpressing
cells compared with the control cells (Fig. 5A). In addition,
the levels of p-SIRT1/total (t)-SIRT1 were decreased in the
HJURP-overexpressing cells compared with the control cells.
Furthermore, the p-FOXO3a/t-FOXO3a ratio was decreased in
the HITURP-overexpressing cells (Fig. 5B). All of these results
suggest that upregulation of HTURP induced oxidative stress in
RCC cells via deactivation of PPARY/SIRT1 and downstream
FOXO3a signaling.

Discussion

RCC is a life-threatening disease with a high rate of morbidity
and mortality. There are several high-risk factors, including
hypertension, obesity, smoking and chronic kidney disease,
associated with the development of RCC (33,34). Patients
with RCC are frequently diagnosed with distant metastases,
at which point surgical removal is not a viable option. Thus,
there is an urgency for novel accurate diagnostic and thera-
peutic biomarkers to improve individualized treatments and
increase survival. HJURP has been demonstrated to serve as
a key chaperone of CENP-A, which is involved in nucleosome
assembly, and has been reported to serve a key role in different
types of cancer, which contributes to promoting hepatocellular
carcinoma proliferation and dysregulating the cell cycle and
ROS metabolism in bladder cancer (15,16,35).

In the present study, the role of HJURP in RCC was deter-
mined. The expression of HTURP was downregulated at the
mRNA and protein expression levels in RCC cell lines and
tissues. This result is in contrast with studies on other types
of cancer (4,14-16), suggesting that the specific role of HJURP
varies and is tissue-dependent, and may be associated with
organ specificity, or highlights the possibility that HITURP
may exert its effects on different target genes in different
tissues (36-38). In the present study, overexpression of HTURP
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in RCC cells reduced colony formation and cell growth.
Furthermore, the apoptotic rate of HIURP-overexpressing
RCC cells was significantly higher compared with that in the
respective controls. Thus, it was hypothesized that HITURP
may regulate the cell cycle in RCC cells.

To further investigate the mechanism underlying the
increased apoptosis induced by overexpression of HIURP,
the expression of ROS-associated proteins was assessed and
it was demonstrated that their expression was downregulated
when HJURP expression was increased, and this may have
been associated with apoptosis, cell cycle regulation and
oxidative stress (22,39-41). These results suggest that down-
regulation of HIURP in RCC cells disrupted homeostasis
of ROS metabolism, resulting in oxidative modification of
lipids, proteins or DNA, followed by apoptosis induced by
oxidative stress (23). Thus, the increased apoptotic rate in
RCC cells induced by the increase in HJURP expression
may be associated with oxidative stress and ROS-associated
pathways.

The PPARY/SIRT1 feedback loop is closely associated
with the oxidative stress response, cell cycle regulation and
apoptosis (25,42). These two proteins may be associated with
the regulation of cell apoptosis, cell cycle progression and
ROS metabolism. In the present study, HJURP overexpression
in RCC cells decreased the ratio of p-SIRT1/t-SIRT1 signifi-
cantly. Cell cycle arrest at the GO/G1 phase was observed,
accompanied with a decrease in the expression of CCNDI1
protein. CCNDI is associated with cell cycle progression from
the GO/GI to the Sphase (43-45).

In conclusion, HJURP downregulation increased the
proliferation of RCC cells and overexpression of HJURP
inhibited RCC cell proliferation and promoted apoptosis.
HJURP may be involved in the regulation of ROS metabo-
lism and thus contributes to the progression of RCC. Taken
together, these results suggest that HJURP may be a novel
potential molecular therapeutic target for the treatment
of RCC and further investigation into its suitability as a
biomarker is warranted.
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