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HJURP promotes hepatocellular carcinoma
proliferation by destabilizing p21 via the
MAPK/ERK1/2 and AKT/GSK3β signaling
pathways
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Abstract

Background: Holliday junction recognition protein (HJURP) has been implicated in many cancers including
hepatocellular carcinoma (HCC). However, the underlying mechanism by which HJURP promotes HCC cell
proliferation remains unclear.

Methods: RT-qPCR and immunohistochemistry were used to detect HJURP expression in HCC and adjacent
tumor tissues and HCC cell lines. The localization of p21 were determined by immunofluorescence and
western blot. Co-immunoprecipitation and western blot were used to validate the p21 stability and signaling
pathways affected by HJURP. The effects of HJURP on HCC cell proliferation were assessed both in vivo and
in vitro. The ERK1/2 pathway inhibitor U0126 and AKT pathway agonist SC-79 were used to treat HCC cell
lines for further mechanistic investigations.

Results: HJURP expression was higher in HCC tissues than in para-tumor tissues. Moreover, ectopic HJURP expression
facilitated the proliferation of HCC cells, whereas the depletion of HJURP resulted in decreased cell growth in vitro and
in vivo. Furthermore, the effects of HJURP silencing were reversed by p21 knockdown. Likewise, p21 overexpression
inhibited cell growth ability mediated by HJURP elevation. Mechanistically, HJURP destabilized p21 via the MAPK/ERK1/
2 and AKT/GSK3β pathways, which regulated the nucleus-cytoplasm translocation and ubiquitin-mediated degradation
of p21. Clinically, high HJURP expression was correlated with unfavorable prognoses in HCC individuals.

Conclusions: Our data revealed that HJURP is an oncogene that drives cell cycle progression upstream of p21 in HCC.
These findings may provide a potential therapeutic and prognostic target for HCC.
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Background
Hepatocellular carcinoma (HCC) accounts for 70–75%
of liver cancers and ranks as the third-most devastating
malignancy, with a high risk of cancer-related death in
the world [1]. Currently, hepatic resection and liver

transplantation are the most effective surgical strategies
for HCC, but the prognosis of HCC patients remains
unsatisfactory with a 12% 5-year overall survival rate. Al-
though substantial progress has been made in diagnostic
and treatment strategies in recent decades, the high
mortality and recurrence rates are still the major obsta-
cles preventing the improvement of the curative effects
of treatments for HCC [2]. Many molecular targeting
agents have been investigated, but only sorafenib has ex-
hibited limited efficacy in individuals with advanced
HCC [3]. Therefore, it is important to identify a novel
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therapeutic target that will improve the prognosis of
HCC patients.
Holliday junction recognition protein (HJURP) is a

histone H3 chaperone that mediates CENP-A deposition
at human centromeres during the early G1 phase [4]. In
mammals, HJURP has been identified as a key factor of
DNA binding and phosphorylation that promotes
chromosomal segregation and cell mitosis [5]. In cancer,
HJURP has been reported to be highly expressed in
some malignancies, including HCC, breast cancer, lung
cancer, bladder cancer and glioma [6–11]. Hu et al.
found that HJURP promotes cell proliferation in vitro
and that its expression is correlated with unfavorable
clinical outcomes in HCC [9]. Moreover, Huang et al.
demonstrated that a single nucleotide polymorphism
(SNP) of HJURP, i.e.,rs3771333, can predict a higher sus-
ceptibility to HCC among Chinese people [12]. However,
the underlying mechanism by which HJURP promotes
HCC progression remains to be clarified.
p21 is a cyclin-dependent kinase inhibitor that is

involved in cell cycle progression and DNA damage
response. p21 can be degraded in either a ubiquitin-
dependent or a ubiquitin-independent manner [13].
Additionally, the stability of p21 is regulated by several
distinct mechanisms, including mechanisms involving
extracellular signal-regulated kinase 1/2 (ERK1/2), glyco-
gen synthase kinase (GSK) 3β and c-Jun N-terminal
kinase (JNK) [14–16]. p21 is frequently dysregulated in
cancer cells [17]. Because of the vital role of p21 in
cancer development, it is important to understand the
mechanisms underlying the dysregulation of p21 in
HCC.
In this study, HJURP was found to facilitate cell

proliferation in HCC both in vivo and in vitro. Addition-
ally, HJURP functioned to at least partially mediate p21
nucleus-cytoplasm translocation. Furthermore, HJURP
destabilized p21 by mediating ubiquitination. Overall, we
provide evidence that HJURP promotes HCC cell prolifer-
ation by destabilizing p21 via the MAPK/ERK1/2 and
AKT/GSK3β signaling pathways.

Methods
Clinical specimens
All of the HCC and adjacent tissues were from the First Af-
filiated Hospital, Zhejiang University School of Medicine,
Zhejiang, China. This research was approved by the Ethical
Review Committee of this hospital. Written informed
consent was received according to the guidelines of the
Declaration of Helsinki.

Cell culture
Four human HCC cell lines (HCC-LM3, SMMC-7721
and Huh7) and one normal hepatocyte cell line (LO2)
were obtained from the Cell Bank of the Shanghai

Institutes of Biological Sciences, Chinese Academy of Sci-
ences. HCC-LM3 and Huh7 cells were cultured in DMEM
high glucose medium, and the SMMC-7721 and LO2
were cultured in RMPI 1640 medium (BI, Israel) with 10%
fetal bovine serum (Biological Industries, Israel) in a 37 °
C,5%CO2 incubator (Thermo Scientific, USA).

Immunohistochemistry
Paraffin-embedded tissues were cut into 5 μm sections.
The immunohistochemistry analysis was performed as
we previously reported [18]. The primary antibodies
against HJURP and Ki-67(Abcam, UK) were used at
concentrations of 1:200.

Lentivirus constructs and transfection
For HJURP down-regulation and up-regulation, lenti-
virus was purchased from GeneChem (Shanghai, China).
Two HCC cell lines (Huh7 and HCC-LM3) were used
for the knockdown assays, and SMMC-7721 cells were
used for the overexpression experiment according to the
instruction book. Stably transfected cells were selected
via the application of 4 μg/ml puromycin (Sigma--
Aldrich, USA) for 2 weeks.

RT-qPCR
RNA was extracted with Trizol Regent (Thermo Scientific,
USA). For the mRNA analysis, the TaKaRa PrimeScript
RT Reagent Kit (TaKaRa, Japan) and the Bio-Rad QX100
Droplet Digital PCR system were used to conduct
real-time quantitative PCR analysis. All premiers were ob-
tained from Tsingke Biological Technology (Beijng,
China). The primers were as follows: HJURP forward
5’-AGTGCCTTTATGTATTGGAG-3′, and reverse 5′-
AAGTGAGGGTCTGGATTTA-3′; p21 forward 5’-GCAG
ACCAGCATGACAGATT-3′, and reverse 5’-TAAGGCAG
AAGATGTAGAGCG-3′; and GAPDH forward 5′- GAAC
ATCATCCCTGCCTCTACT-3′, and reverse 5′- ATTT
GGCAGGTTTTTCTAGACG-3′. GAPDH was used as an
internal control.

Western-blot
The total proteins were extracted for 60 min on ice in
RIPA buffer (Thermo Scientific, USA) containing protease
and phosphatase inhibitors (Cell Signaling Technology,
USA). Cell lysates were centrifuged at 1.2 × 104 g, 4 °C for
15 min, and the concentrations of supernatants were de-
tected with a BCA Protein assay kit (Thermo Scientific,
USA). 30 μg protein was separated by 10% SDS-PAGE
(Life Technology, USA) and then transferred to 0.45 μm
PVDF membranes (Millipore, USA). The membranes
were incubated with monoclonal antibodies at 4 °C for
24 h. In total, primary antibodies included those for
HJURP, ERK1/2, p-ERK1/2, cyclinD1, cyclinE, p-JNK,
GSK3β, p-GSK3β AKT, p-AKT (Abcam, UK), LRR1
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(Proteintech, China) and p21 (Cell Signaling Technology,
USA). The immunoblots were detected with a visual
imaging system (Bio-Rad, USA). β-actin and GAPDH
(Solarbio Life Science, China) were selected as the loading
controls.

Cell viability assay
The cell viability assays were performed with a Cell Counting
Kit-8 Assay (DOJINDO Laboratories, Japan). The HCC cells
were seeded into 96-well plates (1 × 103cells per well for the
HCC-LM3 and SMMC-7721 cells, and 2 × 103cells per well
for the Huh7 cells) in 100 μl medium incubated at 37 °C,
5%CO2 in humidified incubator. After the indicated number
of days, the supernatants were removed, 90 μl medium and
10 μl CCK-8 were added to each well, and the plates were
then incubated for 1 h. The absorbance at 450 nm was
detected with a microplate reader (BioTek, USA).

Cell cycle analysis
The HCC cells were collected and fixed using 75%
pre-cooled ethanol at 4 °C overnight. After being
washed three times with phosphate buffered saline
(PBS) and resuspended with 300 μl DNA staining so-
lution (Multiscience, China) at room temperature for
30 min. The cell cycle analysis was detected via a
flow cytometry (FACS LSRII, BD Bioscience, USA).

Colony formation assay
For colony formation assessment, 2 × 103 stably infected
cells were seeded into 6-well plates. After incubation for
15 days, the plates were washed with PBS for three times
and 4% paraformaldehyde used to fix the cells for
25 min. Subsequently, the cells were stained with 0.5%
crystal violet solution for further counting and statistical
analysis.

Immunofluorescence assay
For immunofluorescence assay, 5 × 104 stably transfected
tumor cells were seeded in a 2 mm confocal plate (Nunc,
USA) for culture in the indicated incubator. Cultured cells
were fixed with 4% paraformaldehyde and then perme-
abilized with 0.25% TritonX-100. After blocking with 1%
bovine serum albumin (BSA), the primary antibodies against
p21 (1:100) (Abcam, USA) were added into each plate for
an overnight incubation at 4 °C. The secondary antibodies
(1:200, Sigma-Aldrich, USA) were incubated with the cells
at 37 °C for 30 min and DAPI was used to stain the nuclei
at 37 °C for 10 min. The images were captured by a fluores-
cence microscope (Olympus BX53, Japan).

Nuclear and cytoplasmic protein extraction
To isolate the nuclear and cytoplasmic proteins of the
HCC cells, a Nuclear and Cytoplasmic Extraction Re-
agents Kit (NE-PER™, Thermo scientific, USA) was used

for the HCC cell lysis. Lentivirus infected HCC-LM3
and SMMC-7721 cells and their control groups were
prepared for protein extraction. The detailed operating
procedures were performed according to the instructions
of manufacturer.

Mouse xenograft assay
To assess the influence of HJURP on tumorigenesis in
vivo, 4-week-old male BALB/c nude mice were purchased
from Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). The mice were divided randomly into
two groups and subcutaneously injected at 6-week-age
with 4 × 106 HCC cells per mouse. The nude mice of each
group were sacrificed after 4 weeks for weight and volume
measurements. The tumor volumes were calculated every
4 days using the following formula: volume (v)
= (length×width2)/2. All animal experiments were ap-
proved by the Ethics Committee for Laboratory Ani-
mals of the First Affiliated Hospital, Zhejiang
University School of Medicine, Zhejiang, China.

Co-immunoprecipitation and ubiquitination assays
The cell samples were lysed in a IP buffer containing
1 mM DL-dithiothreitol (DTT), 100 mmol/L NaCl,1 mM
MgCl2(Life Technology, USA) and protease inhibitor
cocktails (Cell Signaling Technology, USA). The homog-
enates were incubated on ice for 45 min. Subsequently,
the samples were centrifuged at 2600 g for 15 min at 4 °
C. The total cell lysates were used for immunoprecipita-
tion with p21 primary antibodies on protein A/G mix
beads (Thermo Scientific, USA) overnight. The immuno-
precipitates were collected and washed three times and
prepared for Western-blot analysis. To detect p21 ubi-
quitination, 10 μΜ of the protease inhibitor MG132
(MedChem Express, USA) was added to the medium 5 h
before lysis.

Statistical analysis
The experiments were conducted in triplicates, and the
data are presented as mean ± SD. Comparisons between
groups were performed by Student’s t test. The overall
survival rate curves of HCC patients based on
Kaplan-Meier method were plotted using the log-rank
test. The correlations between HJURP and the factors
were assessed with χ2 test. P values < 0.05 were considered
statistically significant, *represents P < 0.05, ** represents
P < 0.01 and ***represents P < 0.001.

Results
HJURP is highly expressed in HCC cells and tissues
We first detected the mRNA levels of HJURP in 219
pairs of HCC specimens and adjacent normal tissues by
RT-qPCR. HJURP was more highly expressed in 74.54%
of tumor tissues than in normal tissues (Fig. 1a, b).
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Additionally, data from the Oncomine database (Roessler
liver) proved that HJURP expression was increased in
HCC tissues (Fig. 1c). Similar results were observed re-
garding HJURP protein levels examined by immunohisto-
chemistry (IHC) (Fig. 1d). Moreover, we extracted the
total RNA and protein from the HCC cell lines to perform
RT-qPCR and western blot. HJURP was apparently
upregulated in HCC cell lines (Fig. 1e, f ). These results
indicated that HJURP might be correlated with HCC
progression.

HJURP promotes HCC tumor growth both in vivo and
in vitro
To examine our hypothesis, we next examined the influence
of HJURP on the biological behaviors of HCC cell lines. Ac-
cording to the expression levels, the HCC-LM3 and Huh7
cell lines were chosen for stable knockdown experiments
using a lentivirus vector. Additionally, the SMMC-7721 cell
line was selected for overexpression experiments.

Subsequently, cell viability and colony formation as-
says were performed to examine the role of HJURP in
tumor proliferation. Knockdown of HJURP dramatically
suppressed cell growth and colony formation in
HCC-LM3 (Fig. 2b, c) and Huh7 cells (Fig. 2e, f ). Con-
versely, the ectopic expression of HJURP promoted cell
growth and colony formation in SMMC-7721 cells
(Fig. 2h, i).
To determine the function of HJURP in vivo, we

subcutaneously injected BALB/c nude mice with sta-
bly transfected Huh7 cells. After 4 weeks, we found
that the tumor volume and mean tumor weight were
significantly lower in the HJURP knockdown group
(lenti-HJURP#1) than in the negative control group
(Fig. 2j, l). In contrast, the overexpression of HJURP
in the SMMC-7721 cells markedly promoted tumor
growth in vivo (Fig. 2k, m).
Collectively, these findings suggest that HJURP pro-

motes HCC tumorigenesis both in vitro and in vivo.

Fig. 1 HJURP is overexpressed in HCC specimens and cell lines. a and b RT-qPCR analysis of HJURP in 219 clinical HCC samples and matched
adjacent normal tumor samples. Compared to that in the matched para-tumor tissues, HJURP expression was upregulated in 74.54% HCC
samples. c Expression of HJURP in Oncomine database. d Representative hematoxylin-eosin and IHC staining for HJURP in HCC tissues (scale bar:
50 μm; magnification: 200X). e mRNA level of HJURP in an immortalized hepatic cell line and six HCC cell lines. f Protein level of HJURP in six HCC
cell lines and the LO2 cell line
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Fig. 2 HJURP promotes HCC cell proliferation both in vivo and in vitro. a The efficiency of HJURP knockdown in HCC-LM3 cells. b Cell growth
was detected by CCK-8 assays after 0, 2, 4 and 6 days (n = 8). c Colony formation of HCC-LM3 cells. d Efficiency of HJURP knockdown in Huh7
cells. e Cell growth was detected by CCK-8 assays in Huh7 cells after 0, 2, 4 and 6 days (n = 8). f Colony formation of Huh7 cells. g Efficiency of
HJURP overexpression in SMMC-7721 cells. h Cell growth was detected by CCK-8 assays in SMMC-7721 cells. i Colony formation of SMMC-7721
cells. j and k HJURP facilitates the tumorigenicity of HCC cells in vivo. l and m Tumor volumes and weights were measured every 4 days. lenti-
HJU#1: HJURP knockdown group#1; lenti-HJU#2: HJURP knockdown group#2; lenti-Ctrl: negative control group; HJURP-OE: HJURP-overexpressing
group; and HJURP-Ctrl: control group
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HJURP exerts a tumor-promoting effect by decreasing
p21 expression and facilitating cell cycle progression in
HCC
Consistent with the colony formation and cell viability
assay results, we discovered that HJURP depletion gener-
ally induced G0/G1 arrest (Fig. 3a). In contrast, the pro-
motion of G1/S phase transition was observed when
HJURP was overexpressed (Fig. 3b). These results indi-
cated that HJURP may mainly promote HCC tumor
growth in the G0/G1 phase.

To verify our findings, we detected cell cycle check-
point proteins in stably transfected cells using western
blot. HJURP knockdown upregulated the tumor suppres-
sor p21 and downregulated CyclinD1, CyclinE, CDK2
and CDK4 in HCC-LM3 cell (Fig. 3c, left). In contrast,
HJURP overexpression downregulated p21 and upregu-
lated the indicated checkpoint proteins in the G1 phase
in SMMC-7721 cells (Fig. 3c, right).
Because HJURP influenced the expression of two

checkpoint proteins (p21 and CDK4) (Fig. 3c), we

Fig. 3 HJURP promotes HCC cell proliferation by regulating the cell cycle. a and b Cell cycle distribution was measured by flow cytometry in the
HCC-LM3 and SMMC-7721 cells. c Cell cycle-related proteins including p21 were detected by western blot in the indicated cells
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speculated that HJURP might promote cell cycle pro-
gression by mediating the p21 or CDK4 expression. To
test our hypothesis, we used CDK4 overexpression plas-
mids in the lenti-HJU#1 group. Then, CCK-8 and colony
formation assays were performed to determine the effect
of CDK4 overexpression on HJURP knockdown cells.
Surprisingly, CDK4 overexpression could not signifi-
cantly reverse the growth of cells in the lenti-HJU#1
cells (Fig. 4a, b, c). Given that HJURP modulates tumor
growth through p21, we depleted p21 expression in

HJURP-silenced HCC cells and examined the colony for-
mation and proliferation. The data revealed that p21 si-
lencing reversed the tumor promoting activity of HJURP
indicated by CCK-8 assays (Fig. 4e), colony formation
assays (Fig. 4f ) and cell cycle analysis (Fig. 4g). In ac-
cordance with this result, p21 overexpression inhibited
colony formation in HJURP-overexpressing cells (Fig. 4h,
i). In addition, based the immunofluorescence assay, we
found that HJURP knockdown increased p21 expression
in HCC-LM3 cells (Fig. 4j).

Fig. 4 a CDK4 overexpression plasmids were transfected into lenti-HJU#1 cells. CDK4 protein expression was detected by western blot. b CCK-8
assay of lenti-HJU#1, lenti-Ctrl and lenti-HJU#1 + CDK4 group. c Colony formation assays of the indicated groups. Approximately 1500 cells/well
were seeded and cultured in 6-well plates for 14 days. d Efficiency of p21 knockdown (sip21) in HCC-LM3 cells. e Silencing of p21 in the HJURP-
knockdown HCC-LM3 cells rescued cell growth function in CCK-8 assay, f colony formation assay and g cell cycle assay. h p21 overexpression
plasmids were transfected into HJURP-overexpressing (HJURP-OE) cells. Efficiency of p21 overexpression was determined by western blot. i p21
overexpression inhibited the colony formation ability of the HJURP-OE SMMC-7721 cells. j Expression of p21 was detected by
immunofluorescence in the HCC-LM3 cells. k Nuclear p21 expression was detected in HCC cell lines. CE: cytoplasm. NE: nucleus
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HJURP promotes p21 nucleus-cytoplasm translocation in
HCC cells
p21 has been recognized to play an important role in inhi-
biting the cell cycle, depending on its nuclear accumula-
tion [19]. Moreover, the nucleus-cytoplasm translocation
of p21 can initiate its degradation pathway [14]. In the
immunofluorescence assay, stronger nuclear signals of
p21 were detected in the HCC-LM3 cells when HJURP
was knocked down (Fig. 4j). Furthermore, cytoplasmic
and nuclear proteins were extracted and then examined
by western blot. Notably, the nuclear and cytoplasmic ex-
pression of p21 was increased in the HJURP knockdown

HCC-LM3 cells (Fig. 4k, left) and reduced in the
HJURP-overexpressing SMMC-7721 cells (Fig. 4k, right).
These results demonstrated that HJURP promotes the

nucleus-cytoplasm translocation of p21 in HCC cells.

HJURP decreases the stability of p21 through an
ubiquitin-dependent manner
Because HJURP depletion increased p21 protein levels, we
next asked whether HJURP affects the expression of p21
at the transcriptional or post-transcription level. To an-
swer this question, we used RT-qPCR to detect the mRNA
level of p21. Surprisingly, no significant differences were

Fig. 5 HJURP promotes HCC cell growth by inducing p21 ubiquitination. a RT-qPCR analysis of p21 in HJURP knockdown and overexpressed HCC
cell lines. GAPDH was selected as the internal control. b Scatter plots shows a negative correlation between HJURP and p21 at the mRNA level. c
HJURP was positively correlated with SKP2 at the mRNA level. d and e HJURP decreased p21 stability. p21 was detected by western blot after cells
incubated with CHX for the indicated times. f and g Relative amount of p21 protein expression in Huh7 and SMMC-7721 cells. The amounts of
p21 were analyzed by ImageJ. h Following the increase in HJURP expression, p21 exhibited a decreasing trend in the SMMC-7721 cells. i Western
blot was performed in HCC-LM3 cells transfected with HJURP knockdown lentivirus and treated with DMSO or MG132. j Four E3 ubiquitin ligases
(SKP2, CDC20, LRR1 and CDT2) were detected by western blot. k Depletion of HJURP attenuated p21 ubiquitination. SKP2 and LRR1
overexpression plasmids were transfected into HJURP knockdown cells. Cells were treated with MG132 (10 μM) for 5 h before being harvested.
Immunoprecipitation was used for the detection of p21 degradation
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observed in the mRNA levels of the transfected Huh7,
HCC-LM3 and SMMC-7721 cells relative to those in the
respective controls (Fig. 5a). Meanwhile, gene expression
data from The Cancer Genome Atlas (TCGA) indicated
that the lack of correlation between the mRNA levels of
HJURP and p21(Fig. 5b). However, HJURP expression was
correlated with SKP2, which is an E3 ubiquitin ligase of
p21 (Fig. 5c). Next, HCC cells were treated with a transla-
tion inhibitor, cycloheximide (CHX), at several specific time
points. As expected, pretreatment with CHX resulted in a
prolonged p21 half-life and a high relative amount in the
HJURP knockdown Huh7 cells (Fig. 5d, f). In contrast, the
ectopic expression of HJURP in SMMC-7721 cells led to a

greater degradation of p21 than in control cells (Fig. 5e, g).
Furthermore, following the increase in HJURP expression,
p21 expression exhibited a decreasing trend in SMMC-7721
cells (Fig. 5h). Additionally, treatment with MG132 (a prote-
asome inhibitor) significantly reversed the HJURP-induced
downregulation of p21 in HCC-LM3 cells (Fig. 5i).
To date, p21 has have been reported to be degraded by

four E3 ubiquitin ligases, namely, SKP2, CDC20, CDT2
and LRR1 [20–23]. To determine the protein levels of these
four E3 ubiquitin ligases, we extracted total protein from
lentivirus-infected HCC-LM3 and SMMC-7721 cells for
western blot analysis. As expected, SKP2 was downregu-
lated in HJURP knockdown HCC-LM3 cells, whereas SKP2

Fig. 6 HJURP destabilizes p21 in an ERK1/2 and GSK3β-dependent manner. a Protein levels of ERK1/2, p-ERK1/2, GSK3β, p-GSK3β and p21 were
detected by western blot in the HJURP knockdown and overexpression cells. b HCC-LM3 cells were incubated with the ERK1/2 pathway inhibitor
U0126 (5 μM) and c AKT activator SC-79 (5 μM) for 24 h before lysis for western blot. ERK1/2, p-ERK1/2, GSK3β, p-GSK3β, AKT, p-AKT were
detected by western blot. d Immunofluorescence and e western blot were used to measure subcellular distribution of p21. U: U0126; S:SC-79. f
and g U0126 and SC-79 reversed the growth inhibition mediated by HJURP-knockdown in HCC-LM3 cells
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expression was upregulated in the HJURP-overexpressing
SMMC-7721 cells (Fig. 5j). Because HJURP was correlated
with SKP2, we further investigated the ubiquitination of
p21. In HCC-LM3 cells, HJURP knockdown decreased the
ubiquitination of p21. However, SKP2 but not LRR1 over-
expression increased p21 ubiquitination in HJURP knock-
down cells (Fig. 5k).
Taken together, these data indicate that HJURP de-

creases the stability of p21 by ubiquitination.

HJURP facilitates HCC proliferation via the MAPK/ERK1/2
and AKT/GSK3β signaling pathways
ERK1/2, GSK3β and JNK are known to be associated with
p21 stability [24]. Therefore, we determined whether these

three kinases are associated with the regulation of p21
stability by HJURP. Intriguingly, knockdown of HJURP
dramatically upregulated the expressions of p-ERK1/2 and
p-GSK3β (Fig. 6a, left and middle) but not p-JNK (data
not shown). Accordingly, the overexpression of HJURP re-
duced the expressions of p-ERK1/2, p-GSK3β and
p21(Fig. 6a, right). To confirm the involvement of ERK1/2
and GSK3β in the regulation of p21 by HJURP in HCC,
we treated HJURP knockdown HCC-LM3 cells with
U0126, which is a specific ERK1/2 pathway inhibitor.
After 24 h of incubation with U0126 (5 μM), the expres-
sion of p21 was suppressed in HJURP knockdown cells.
However, U0126 did not reverse the effect on p-GSK3β
(Fig. 6b). These results showed that p-ERK1/2 and

Fig. 7 High HJURP expression is correlated with low p21 expression and unfavorable clinical outcomes in HCC individuals. a and b
Immunohistochemical staining of HCC tissues showed that high HJURP expression is correlated with low p21 expression (scale bar: 50 μm;
magnification: 200X and 400X). c Kaplan-Meier analysis showed that HCC patients with low HJURP expression had a better overall survival rate
than patients with high HJURP expression
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p-GSK3β may be independently involved in the
HJURP-regulated stability of p21. Given that GSK3β acts
as a downstream factor of AKT in the PI3K/AKT
pathway, we speculated that HJURP might modulate p21
stability by inhibiting the expression of p-GSK3β via the
AKT pathway. To test our hypothesis, we added the se-
lective AKT agonist SC-79 (5 μM) to the cell culture
medium and incubated the cells for 24 h. Notably, com-
pared with that in cells in the lenti-HJU#1 group, p21 and
p-GSK3β, but not p-ERK1/2, expression was reduced in
cells in the SC-79 treated group (Fig. 6c).
Using western blot detection, we found that the nuclear

and cytoplasmic p21 levels were increased in HJURP
knockdown HCC-LM3 cells, whereas these levels were
decreased in HJURP-overexpressing SMMC-7721 cells
(Fig. 4k). Additionally, U0126 and SC-79 reduced the nu-
clear accumulation of p21 in the HJURP knockdown
HCC-LM3 cells (Fig. 6d, e). Based on the results of the
CCK-8 and colony formation assays, growth inhibition
was reversed by treatment with U0126 and SC-79 in
HJURP knockdown cells (Fig. 6f, g).
Taken together, these findings clearly demonstrate that

HJURP modulates HCC cell proliferation by promoting
p21 nucleus-cytoplasm translocation via the MAPK/
ERK1/2 and AKT/GSK3β pathways.

High HJURP expression is correlated with low p21
expression and unsatisfactory clinical outcomes in HCC
individuals
To examine the clinical significance of p21 dependence, we
further performed immunohistochemical assays in HCC
specimens to explore the correlation between HJURP and
p21(Fig. 7a). Approximately 69.5% of samples with low p21
expression displayed strong staining of HJURP, whereas
30.5% showed weak staining for HJURP. Similarly, 33.3% of
samples with high p21 expression displayed weak expres-
sion of HJURP, and 66.7% displayed high levels of HJURP
(Fig. 7b).
To explore whether HJURP expression was associated

with the overall survival rate, we divided 120 HCC
patients into two groups based on HJURP density: a high
HJURP expression group (n = 69) and a low HJURP ex-
pression group (n = 51). Kaplan-Meier analysis revealed
that the patients with low HJURP expression levels had a
better overall survival rate than patients with high HJURP
expression (Fig. 7c). Furthermore, we analyzed the rela-
tionship between HJURP expression and clinicopathologic
features of the HCC patients and found significant differ-
ences in age, tumor size and tumor stage (Table 1).

Discussion
HJURP has been demonstrated to play an important role
in human neoplasms [7–9, 25]. HJURP exhibits onco-
genic activity in various cancer types including HCC.

In this study, we found that HJURP promotes HCC cell
proliferation both in vivo and in vitro. HJURP was overex-
pressed in HCC cell lines and clinical specimens. Clinic-
ally, HJURP was associated with tumor size and tumor
stage. Additionally, Kaplan-Meier analysis revealed that
high HJURP expression was correlated with poor overall
survival rates in HCC patients. These results suggest that
HJURP acts as an oncogene in HCC. In concordance with
our findings, Hu et al. reported that HJURP facilitates cell
viability in HCC cell lines [9]. However, the underlying
mechanism of HJURP-regulated HCC tumorigenicity
remains to be elucidated.
We subsequently demonstrated that HJURP knock-

down could induced G0/G1 phase arrest but not

Table 1 HJURP expression and clinicopathologic features in
HCC patients

Variable HJURP expression P value

High Low

Sex 0.984

Male 65 48

Female 4 3

Age (years) 0.039

≤ 50 21 25

>50 48 26

HBV 0.300

Negative 6 2

Positive 63 49

AFP (ng/ml) 0.600

≤ 400 47 37

>400 22 14

Cirrhosis 0.130

Yes 59 38

No 10 13

Tumor size (cm) 0.007

≤ 5 14 22

>5 55 29

Tumor number 0.051

= 1 30 27

>1 39 24

Tumor stage (AJCC) 0.003

I-II 16 25

III-IV 53 26

Tumor differentiation 0.306

High 8 2

Middle 38 29

Low 23 20

AFP alpha fetoprotein, AJCC American Joint Committee on Cancer
P values in bold are statistically significant
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apoptosis in HCC cells, indicating that HJURP may be a
key modulator of cell cycle progression in HCC. p21, a
novel tumor suppressor, plays a crucial role in several
growth-inhibiting signaling pathways and suppresses cell
cycle progression in both p53-dependent and p53-inde-
pendent manners [26]. We hypothesized that HJURP
modulates the cell cycle in HCC by regulating p21. We
confirmed that HJURP represses the expression of p21
in HCC cells and clinical samples. Additionally, the
phenotypic features driven by HJURP were reversed by
p21 knockdown. Given that p21 is mostly modulated at
the transcriptional and post-translational levels [13,
27–29], we next explored the mRNA and protein
stability of p21. The results of p21 half-life with the
addition of significant correlation between HJURP
and the proteasome SKP2 implied that HJURP
downregulates p21 protein stability at the
post-translational level. According to current reports,
p21 stability is regulated by a myriad of proteasomal
signals, including ERK1/2 and GSK3β. The MAPK/
ERK1/2 pathway has been reported to mediate the
nuclear localization of p21 in colorectal cancer. Like-
wise, we demonstrated that HJURP destabilizes p21
via p-ERK and p-AKT respectively. Moreover, we
proved that HJURP promotes nucleus-cytoplasm
translocation of p21 in HCC cells. Consistent with
our findings, Zhang et al. also reported that p-ERK1/
2 and p-GSK3β could maintain p21 stability in HCC
[24]. However, Zhang and his colleagues indicated
that p-ERK1/2 is a key upstream key factor of
p-GSK3β. We further validated this hypothesis in
HJURP knockdown HCC cells. In contrast to the
findings of Zhang and his colleagues, blockage of
ERK1/2 with U0126 did not affect the expression of
p-GSK3β in our study. Nevertheless, the activation
of AKT by SC-79 reversed the stability of p21. In
line with our findings, Liu and Gong reported that
GSK3β expression is mediated by the PI3K/AKT
pathway [30, 31]. Therefore, we propose that in
addition to affecting the MAPK/ERK1/2 signaling
pathway, HJURP decreases the p21 stability by inhi-
biting p-GSK3β via the AKT pathway in HCC.
It is well known that the stability of p21 depends on

its subcellular localization [14, 32], and nuclear p21 can
bind to PCNA to induce anti-proliferative effects. The
activation of ERK1/2 is involved in the nuclear
localization of p21. Thus, our findings indicate that
HJURP destabilizes p21 by reducing its nuclear
localization. Four E3 ligases, namely, SKP2, CDT2, LRR1
and CDC20, have been mostly reported to be respon-
sible for p21 degradation. We demonstrated that HJURP
is significantly correlated with SKP2 but not with LRR,
CDT2 or CDC20. Moreover, we observed that HJURP
promotes ubiquitination-mediated p21 degradation. Our

results lead to the conjecture that HJURP might pro-
mote p21 translocation to the cytoplasm for
SKP2-dependent degradation. To the best of our know-
ledge, this study is the first to reveal that HJURP pro-
motes the ubiquitination and cytoplasmic localization of
p21 via the MAPK/ERK1/2 and AKT/GSK3β signaling
pathways. In addition to the above four E3 ubiquitin li-
gases, other proteins can regulate the degradation
process of p21. For example, five E3 ubiquitin ligases
(UHRF2 [33], UBR5 [34], SOCS1 [35], COPA3 [36] and
ZNF313 [26, 37]) and two deubiquitylases (USP11 [38]
and USP36 [39]) have been reported to mediate p21 sta-
bility. In our work, we investigated four most frequently
E3 ligases, especially SKP2. However, other E3 ligases and
deubiquitylases may be involved in HJURP-mediated p21
stability. It is worthwhile to continue research to elucidate
these unknown factors in our future work.

Conclusions
In summary, we have demonstrated that high levels of
the expression of HJURP are correlated with poor prog-
nosis in HCC patients and promote HCC cell prolifera-
tion via the ubiquitination and cytoplasmic localization
of p21 through the MAPK/ERK1/2 and AKT/GSK3β
pathways (Fig. 8). This study thus highlights a mechan-
ism by which HJURP promotes HCC growth.

Abbreviations
ERK1/2: Extracellular signal-regulated kinase 1/2; GSK3β: Glycogen synthase
kinase; HCC: Hepatocellular carcinoma; HJURP: Holliday junction recognition
protein; JNK: c-Jun N-terminal kinase

Acknowledgements
The authors acknowledge Liangjie Hong and Haohao Lu for their kindly help
in animal experiments. We also thank Wenfeng Song, Rong Su and Danjing
Guo for technical assistance. They are all experienced technicians from Key
Laboratory of Combined Multi-organ Transplantation, Ministry of Public
Health, Hangzhou, China. Furthermore, we thank Dr. Lingfeng Zhou
(Zhejiang University) for his selfless help.

Fig. 8 Schematic model representing the function of HJURP in HCC.
P: phosphorylation; Ub: ubiquitination

Chen et al. Journal of Experimental & Clinical Cancer Research  (2018) 37:193 Page 12 of 14



Funding
This work was supported by National Natural Science Foundation of China
(No. 81721091, No. 2017ZX10203205), National Natural Science Foundation
of Zhejiang province (LY18H030002, LQ15H030003) and the Fundamental
Research Funds for the Central Universities.

Authors’ contributions
CTC, ZL and ZSS designed the study; CTC, HHC and ZY performed the
experiments; YSS analyzed the data; GL and ST participated in the clinical
specimen detection. CTC and HHC wrote the manuscript. All authors have
seen the manuscript and approved to submit to this journal.

Ethics approval and consent to participate
The use of nude mice in this study was approved by the Medical Ethics
Committee of the First Affiliated Hospital of Zhejiang University. All of the
HCC and adjacent tissues were from the First Affiliated Hospital, Zhejiang
University School of Medicine, Zhejiang, China. This research was approved
by the Ethical Review Committee of this hospital. Written informed consent
was received according to the guidelines of the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Division of Hepatobiliary and Pancreatic Surgery, Department of Surgery,
First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou,
China. 2Key Laboratory of Combined Multi-organ Transplantation, Ministry of
Public Health, Hangzhou, China. 3Key Laboratory of Organ Transplantation,
Zhejiang Province, Hangzhou, China. 4Key Laboratory of the diagnosis and
treatment of organ Transplantation, CAMS, Hangzhou, China. 5Collaborative
Innovation Center for Diagnosis Treatment of Infectious Diseases, Zhejiang
University, Hangzhou, China.

Received: 16 May 2018 Accepted: 6 August 2018

References
1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer

statistics, 2012. CA Cancer J Clin. 2015;65:87–108.
2. El-Serag HB, Marrero JA, Rudolph L, Reddy KR. Diagnosis and treatment of

hepatocellular carcinoma. Gastroenterology. 2008;134:1752–63.
3. Cheng AL, Kang YK, Chen Z, Tsao CJ, Qin S, Kim JS, et al. Efficacy and safety

of sorafenib in patients in the Asia-Pacific region with advanced
hepatocellular carcinoma: a phase III randomised, double-blind, placebo-
controlled trial. Lancet Oncol. 2009;10:25–34.

4. Dunleavy EM, Roche D, Tagami H, Lacoste N, Ray-Gallet D, Nakamura Y,
et al. HJURP is a cell-cycle-dependent maintenance and deposition factor of
CENP-A at centromeres. Cell. 2009;137:485–97.

5. Tachiwana H, Muller S, Blumer J, Klare K, Musacchio A, Almouzni G. HJURP
involvement in de novo CenH3(CENP-A) and CENP-C recruitment. Cell Rep.
2015;11:22–32.

6. de Tayrac M, Aubry M, Saikali S, Etcheverry A, Surbled C, Guenot F, et al. A
4-gene signature associated with clinical outcome in high-grade gliomas.
Clin Cancer Res. 2011;17:317–27.

7. Kato T, Sato N, Hayama S, Yamabuki T, Ito T, Miyamoto M, et al. Activation
of Holliday junction recognizing protein involved in the chromosomal
stability and immortality of cancer cells. Cancer Res. 2007;67:8544–53.

8. Montes de Oca R, Gurard-Levin ZA, Berger F, Rehman H, Martel E, Corpet A,
et al. The histone chaperone HJURP is a new independent prognostic
marker for luminal A breast carcinoma. Mol Oncol. 2015;9:657–74.

9. Hu B, Wang Q, Wang Y, Chen J, Li P, Han M. Holliday junction-recognizing
protein promotes cell proliferation and correlates with unfavorable clinical
outcome of hepatocellular carcinoma. Onco Targets Ther. 2017;10:2601–7.

10. Valente V, Serafim RB, de Oliveira LC, Adorni FS, Torrieri R, Tirapelli DP, et al.
Modulation of HJURP (Holliday junction-recognizing protein) levels is
correlated with glioblastoma cells survival. PLoS One. 2013;8:e62200.

11. Cao R, Wang G, Qian K, Chen L, Qian G, Xie C, et al. Silencing of HJURP
induces dysregulation of cell cycle and ROS metabolism in bladder cancer
cells via PPARgamma-SIRT1 feedback loop. J Cancer. 2017;8:2282–95.

12. Huang W, Zhang H, Hao Y, Xu X, Zhai Y, Wang S, et al. A non-synonymous
single nucleotide polymorphism in the HJURP gene associated with
susceptibility to hepatocellular carcinoma among Chinese. PLoS One. 2016;
11:e0148618.

13. Lu Z, Hunter T. Ubiquitylation and proteasomal degradation of the p21(Cip1),
p27(Kip1) and p57(Kip2) CDK inhibitors. Cell Cycle. 2010;9:2342–52.

14. Hwang CY, Lee C, Kwon KS. Extracellular signal-regulated kinase 2-
dependent phosphorylation induces cytoplasmic localization and
degradation of p21Cip1. Mol Cell Biol. 2009;29:3379–89.

15. Densham RM, O'Neill E, Munro J, Konig I, Anderson K, Kolch W, et al. MST
kinases monitor actin cytoskeletal integrity and signal via c-Jun N-terminal
kinase stress-activated kinase to regulate p21Waf1/Cip1 stability. Mol Cell
Biol. 2009;29:6380–90.

16. Rossig L, Badorff C, Holzmann Y, Zeiher AM, Dimmeler S. Glycogen synthase
kinase-3 couples AKT-dependent signaling to the regulation of p21Cip1
degradation. J Biol Chem. 2002;277:9684–9.

17. Rowland BD, Peeper DS. KLF4, p21 and context-dependent opposing forces
in cancer. Nat Rev Cancer. 2006;6:11–23.

18. Bingyi Lin TC, Zhang Q, Lu X, Zheng Z, Zhou L, Zheng S, et al. Oncotarget.
2016;7:77499–507.

19. Emma S, Child DJM. The intricacies of p21 phosphorylation:protein/protein
interactions, subcellular localization and stability. Cell Cycle. 2006;5:1313–9.

20. Lonjedo M, Poch E, Mocholi E, Hernandez-Sanchez M, Ivorra C, Franke TF, et al.
The Rho family member RhoE interacts with Skp2 and is degraded at the
proteasome during cell cycle progression. J Biol Chem. 2013;288:30872–82.

21. Amador V, Ge S, Santamaria PG, Guardavaccaro D, Pagano M. APC/C
(Cdc20) controls the ubiquitin-mediated degradation of p21 in
prometaphase. Mol Cell. 2007;27:462–73.

22. Abbas T, Sivaprasad U, Terai K, Amador V, Pagano M, Dutta A. PCNA-
dependent regulation of p21 ubiquitylation and degradation via the
CRL4Cdt2 ubiquitin ligase complex. Genes Dev. 2008;22:2496–506.

23. Starostina NG, Simpliciano JM, McGuirk MA, Kipreos ET. CRL2LRR-1 Targets a
CDK inhibitor for cell cycle control in C. elegans and actin-based motility
regulation in human cells. Dev Cell. 2010;19:753–64.

24. Zhang Y, Liu Y, Duan J, Yan H, Zhang J, Zhang H, et al. Hippocalcin-like 1
suppresses hepatocellular carcinoma progression by promoting p21(Waf/
Cip1) stabilization by activating the ERK1/2-MAPK pathway. Hepatology.
2016;63:880–97.

25. Hu Z, Huang G, Sadanandam A, Gu S, Lenburg ME, Pai M, et al. The expression
level of HJURP has an independent prognostic impact and predicts the
sensitivity to radiotherapy in breast cancer. Breast Cancer Res. 2010;12:R18.

26. Han J, Kim YL, Lee KW, Her NG, Ha TK, Yoon S, et al. ZNF313 is a novel cell
cycle activator with an E3 ligase activity inhibiting cellular senescence by
destabilizing p21(WAF1.). Cell Death Differ. 2013;20:1055–67.

27. Foertsch F, Teichmann N, Kob R, Hentschel J, Laubscher U, Melle C. S100A11
is involved in the regulation of the stability of cell cycle regulator p21(CIP1/
WAF1) in human keratinocyte HaCaT cells. FEBS J. 2013;280:3840–53.

28. Shibata E, Abbas T, Huang X, Wohlschlegel JA, Dutta A. Selective ubiquitylation
of p21 and Cdt1 by UBCH8 and UBE2G ubiquitin-conjugating enzymes via the
CRL4Cdt2 ubiquitin ligase complex. Mol Cell Biol. 2011;31:3136–45.

29. Hsu YF, Lee TS, Lin SY, Hsu SP, Juan SH, Hsu YH, et al. Involvement of Ras/
Raf-1/ERK actions in the magnolol-induced upregulation of p21 and cell-
cycle arrest in colon cancer cells. Mol Carcinog. 2007;46:275–83.

30. Gong K, Zhou F, Huang H, Gong Y, Zhang L. Suppression of GSK3beta by
ERK mediates lipopolysaccharide induced cell migration in macrophage
through beta-catenin signaling. Protein Cell. 2012;3:762–8.

31. Xiaojia Liu NT, Liao H, Pan G, Xu Q, Zhu R, Zou L, He S, Zhu H. High GSTP1
inhibits cell proliferation by reducing Akt phosphorylation and is associated with
a better prognosis in hepatocellular carcinoma. Oncotarget. 2018;9:8957–71.

32. Halevy O, Novitch BG, Spicer DB, Skapek SX, Rhee J, Hannon GJ, et al.
Correlation of terminal cell cycle arrest of skeletal muscle with induction of
p21 by MyoD. Science. 1995;267:1018–21.

33. Wang Y, Yan X, Zeng S, Zhang T, Cheng F, Chen R, et al. UHRF2 promotes
DNA damage response by decreasing p21 via RING finger domain.
Biotechnol Lett. 2018;40:1181–8.

Chen et al. Journal of Experimental & Clinical Cancer Research  (2018) 37:193 Page 13 of 14



34. Ji SQ, Zhang YX, Yang BH. UBR5 promotes cell proliferation and inhibits
apoptosis in colon cancer by destablizing P21. Pharmazie. 2017;72:408–13.

35. Yeganeh M, Gui Y, Kandhi R, Bobbala D, Tobelaim WS, Saucier C, et al.
Suppressor of cytokine signaling 1-dependent regulation of the expression
and oncogenic functions of p21(CIP1/WAF1) in the liver. Oncogene. 2016;
35:4200–11.

36. Kim DH, Hwang JS, Lee IH, Nam ST, Hong J, Zhang P, et al. The insect
peptide CopA3 increases colonic epithelial cell proliferation and mucosal
barrier function to prevent inflammatory responses in the gut. J Biol Chem.
2016;291:3209–23.

37. Lee MG, Han J, Jeong SI, Her NG, Lee JH, Ha TK, et al. XAF1 directs
apoptotic switch of p53 signaling through activation of HIPK2 and ZNF313.
Proc Natl Acad Sci U S A. 2014;111:15532–7.

38. Deng T, Yan G, Song X, Xie L, Zhou Y, Li J, et al. Deubiquitylation and
stabilization of p21 by USP11 is critical for cell-cycle progression and DNA
damage responses. Proc Natl Acad Sci U S A. 2018;115:4678–83.

39. DeVine T, Sears RC, Dai MS. The ubiquitin-specific protease USP36 is a
conserved histone H2B deubiquitinase. Biochem Biophys Res Commun.
2018;495:2363–8.

Chen et al. Journal of Experimental & Clinical Cancer Research  (2018) 37:193 Page 14 of 14


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Clinical specimens
	Cell culture
	Immunohistochemistry
	Lentivirus constructs and transfection
	RT-qPCR
	Western-blot
	Cell viability assay
	Cell cycle analysis
	Colony formation assay
	Immunofluorescence assay
	Nuclear and cytoplasmic protein extraction
	Mouse xenograft assay
	Co-immunoprecipitation and ubiquitination assays
	Statistical analysis

	Results
	HJURP is highly expressed in HCC cells and tissues
	HJURP promotes HCC tumor growth both in vivo and �in vitro
	HJURP exerts a tumor-promoting effect by decreasing p21 expression and facilitating cell cycle progression in HCC
	HJURP promotes p21 nucleus-cytoplasm translocation in HCC cells
	HJURP decreases the stability of p21 through an ubiquitin-dependent manner
	HJURP facilitates HCC proliferation via the MAPK/ERK1/2 and AKT/GSK3β signaling pathways
	High HJURP expression is correlated with low p21 expression and unsatisfactory clinical outcomes in HCC individuals

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

