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ABSTRACT

Holliday junction recognition protein (HJURP) is a key molecular chaperone for
centromere protein A (CENP-A), which is essential for chromosome separation
during mitosis and cell cycle regulation. Recent studies have identified the essential
role of HJURP in carcinogenesis. Abnormal upregulation of HIURP expression has
been observed in various human cancers, such as non-small cell lung cancer (NSCLC),
hepatocellular carcinoma (HCC), bladder cancer, and breast cancer, which is
associated with poor pathological development and prognosis. In vitro and in vivo
studies have shown that HIURP exerts oncogenic functions mainly by regulating the
cell cycle, cellular senescence, and epithelial-mesenchymal transition (EMT). This
review aims to evaluate the prognostic significance of HJURP in human cancers and
summarize antitumor studies targeting HJURP. The effects and regulatory factors of
HJURP in carcinogenesis have also been discussed to provide new insights into
targeting HJURP as a promising strategy for cancer treatment.
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1. INTRODUCTION

The proper segregation of chromosomes during cell mitosis is essential for
maintaining chromosomal stability and preventing cancer development. The
centromere and kinetochore are crucial structures involved in this process [1, 2].
Defects in proteins associated with the centromere and carcinogenesis can cause
chromosomal instability and disrupt the cell cycle, ultimately leading to cell death [3].
One such protein is Holliday junction recognition protein (HJURP), which mediates
the deposition of histone H3 variant- centromere protein A (CENP-A) at centromeres
during the G1 phase of the cell cycle [4]. It was determined that the TLTY box
located within the N-terminal domain of HJURP binds to the centromere targeting
domain of CENP-A [5-7] and the interaction between these two proteins is critical for
maintaining chromosomal stability and successful mitosis [8]. The essentiality of
HJURP activation for the immortality of cancer cells was initially identified in the
year 2007 [9, 10]. Furthermore, overexpression of HIURP has been observed in
various tumor tissues and is associated with poor prognosis, making HJURP a
potential prognostic biomarker of cancer [11-14]. Given these findings, HIURP could
be a key target for cancer treatment. This review aims to summarize recent studies on
the effects and mechanisms regulated by HJURP in human cancers, and to discuss the
feasibility of HJURP as a promising target for antitumor treatment.

2. THE EXPRESSION OF HJURP IN CANCERS

Several studies in recent years have demonstrated that HJURP plays a significant role

in the promotion and progression of cancer. The abnormal upregulation of HJURP has



been observed in various human cancers through public genomics databases and
independent patient cohorts. Two pan-cancer analyses were conducted to investigate
the relationship between HIURP and cancer [14, 15]. These studies found that HJURP
expression is upregulated in most human cancers. Low levels of DNA methylation
may lead to the overexpression of HJURP, and high mutation frequencies suggest that
HJURP could act as an oncogene and may be involved in drug resistance mechanisms
[14, 16, 17]. Additionally, overexpression of HJURP is responsible for poor prognosis
and cancer progression. Bioinformatics databases were used to explore the molecular
mechanisms involved in HJURP. It was found that HJURP mainly participates in cell
cycle and p53 signaling pathways, which are supported by existing studies [10, 18].
The expression of HJURP increases during cell cycle progression, and G2 is the phase
with the highest expression level, indicating the role of HJURP in cell cycle
regulation [15]. Furthermore, HJURP has been investigated to mediate tumor immune
evasion and interact with immune infiltration and T cell immune exclusion, promoting
cancer progression and metastasis [15].

To provide insight into the expression pattern of HIJURP and its correlation with
cancer survival rates, two online tools including UALCAN Interactive web and Gene
Expression Profiling Interactive Analysis (GEPIA) were used to analyze mRNA
expression of HIURP, and Kaplan-Meier survival analysis was conducted using data
from the Cancer Genome Atlas (TCGA) database [19, 20]. Our analysis revealed that
HJURP mRNA levels were significantly higher in 19 types of tumor tissue compared

to normal tissue (Figure 1). Moreover, the high level of HIURP was associated with



shorter overall survival (OS) and disease-free survival (DFS) in patients with ACC,
KIRK, and other cancers (Figure 2). We also observed a strong positive correlation
between HIURP expression and the pathological stage of patients with ACC, breast
invasive carcinoma (BRCA), kidney chromophobe (KICH), and other cancers (Figure
3). These results suggest that HIURP has the potential to serve as a biomarker for
prognosis and monitoring of disease progression in cancer patients. However, the
expression of HIURP and its prognostic implications can vary among different cancer
types. For instance, in thymoma (THYM) and colon adenocarcinoma (COAD), high
expression of HJURP is strongly linked to better prognosis, indicating a potential
tumor-suppressive role. Therefore, the relationship between HJURP and tumor
occurrence and development is complex and may depend on the specific type of
cancer. It's important to note that these findings are based solely on data analysis and
may be subject to bias due to small sample sizes. Therefore, further research is
necessary to fully understand the precise function of HJURP in different types of
cancer.

3. FUNCTIONS AND REGULATION OF HJURP IN CANCERS

3.1 CANCER OF RESPIRATORY SYSTEM

Lung cancer is one of the leading causes of cancer-related deaths worldwide, with
non-small cell lung cancer (NSCLC) accounting for approximately 85% of cases and
its incidence increasing globally [21]. The significance of HIURP has been analyzed
in both lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC),

where it was found to be highly expressed in tumor tissues and associated with a poor



prognosis [22, 23]. Gene set enrichment analysis (GSEA) revealed that
HJURP-related genes were mainly enriched in the G1 pathway, ataxia telangiectasia
mutated (ATM) pathway, cell cycle pathway, and extracellular regulated protein
kinases (ERK) pathway in LUSC, while being associated with basal transcription
factors, cell cycle, homologous recombination, non-small cell lung cancer, oocyte
meiosis, p53 signaling pathway, pathways in cancer, RNA degradation, and
spliceosome in LUAD [22, 23]. Furthermore, HJURP was found to be remarkably
associated with 28 types of tumor-infiltrating lymphocytes, particularly activated CD4
cells in patients with LUAD [22]. The active role of immune infiltration in cancer
growth and development highlighted the potential carcinogenicity of HJURP [24].

HJURP has been shown to play an oncogenic role in non-small cell lung cancer
(NSCLC) cells, and its biological functions have been investigated [9]. During mitotic
cell cycle, HIURP localized to the nucleolus in the G1 phase and interacted with
hMSHS, NBS1, and MRE11 in subnuclear foci during the S phase. It then relocated to
the nucleolus in the late G2 phase and finally localized to prenucleolar bodies during
telophase. Further studies have demonstrated that HJTURP was a downstream target in
the ATM signaling pathway and was involved in DNA double-strand break (DSB)
repair via the homologous recombination pathway. Knocking down HJURP
significantly inhibited cell viability in U20S cells by inducing cell cycle arrest at the
G2/M phase. HJURP also protected cancer cells from genomic instability and
senescence by deregulating recombination in the rDNA region.

NSCLC is known to have a high rate of metastasis at late stages, leading to a high



mortality rate. Clinical data have shown that high HJURP expression was associated
with distant metastases and advanced tumor node metastasis (TNM) stage in NSCLC
[25]. In vitro experiments have demonstrated that silencing HJURP induced apoptosis
and inhibited proliferation, migration, and invasion of NSCLC cells by suppressing
the epithelial-mesenchymal transition (EMT) and wingless-related integration site
(Wnt)/B-catenin signaling pathway.

3.2 CANCER OF DIGESTIVE SYSTEM

3.2.1 Oral cancer

Oral cancer ranks as the sixth most prevalent form of malignancy globally, with
dietary habits being a significant contributing risk factor [26]. Research has shown
that HJURP was highly expressed in most oral cancer tissues, which is associated
with a reduced overall survival rate [27]. Depleting HIJURP has been shown to inhibit
oral cancer cell growth by inducing cell cycle arrest and senescence, with the
involvement of CENP-A. In oral squamous cell carcinoma (OSCC), the most
commonly mutated gene is p53, and a general mutation in HJURP was observed
concurrently [28]. Additionally, HJURP has been found to be upregulated in p53-null
human cancers, including breast, melanoma, and pancreatic cancer [18]. The loss of
p53 led to increased levels of HIURP and CENP-A, promoting cell growth and the
cell cycle via the DREAM-CDE/CHR pathway. Depleting HIURP can activate p53
inversely, leading to cell cycle arrest at the G1 and G2/M phases. In the absence of
p53, HJURP deletion led to the rapid loss of CENP-A from the centrosome, causing

centromere dysfunction, aneuploidy, and p53-independent apoptosis. These results



indicated that targeting HJURP holds great promise in cancer therapy, particularly in
p53-deficient cancers.

3.2.2 Hepatocellular carcinoma (HCC)

Polymorphisms in genes at the molecular level can alter the amino acids encoded by
codons and affect gene function, which can lead to the development of cancer [29].
Specifically, a significant association has been found between the rs3771333
polymorphism in the HIURP gene and susceptibility to HBV-related HCC [30, 31].
The rs3771333 polymorphism is a non-synonymous single nucleotide polymorphism
(SNP) located in exon 8 of the HIURP gene. This polymorphism results in a change
from GAA to GAC in the codon encoding the 568th amino acid residue, leading to the
substitution of glutamic acid with aspartic acid. According to computer predictions,
the non-synonymous SNP rs3771333 does not appear to affect protein structure, but is
expected to alter the binding of the exon splicing enhancer (ESE) SF2/ASF or the
number of ESE binding sites [31]. The presence of the rs3771333 A/C or C/C
genotypes was found to be associated with a higher risk of HBV-related HCC
compared to the A/A genotype among Chinese, which expressed lower mRNA and
protein levels of HJURP in EBV-transformed blood lymphocytes. Given the impact of
HJURP on DSB repair and the potential acceleration of HCC onset and progression
caused by impaired DSB repair, reducing the expression of HIURP could potentially
contribute to the predisposition to HCC [32]. In addition to the Oncomine database,
analysis of HCC tissues and cells has shown high expression levels of HIURP, which

were correlated with poor patient survival rates and several pathological factors,



including patient age, microvascular invasion, tumor size, and stage [33, 34].
Furthermore, HIURP was strongly correlated with tumor number and differentiation
and has been found to play a crucial role in the immunosuppressive tumor
microenvironment (TME) [35, 36]. The pro-proliferative effect of HJURP on HCC
has been demonstrated both in vitro and in vivo [33]. Mechanistic studies have
investigated the role of p21 in HJURP-induced cell cycle transition, revealing that
HJURP induced p21 ubiquitination and facilitated its translocation from the nucleus
to the cytoplasm via mitogen-activated protein kinase (MAPK)/ERK1/2 and protein
kinase B (AKT)/glycogen synthase kinase 3 (GSK3p) signaling pathways.
Furthermore, HIURP upregulated sphingosine kinase 1 (SPHK1) and promoted EMT,
thereby enhancing cell migration and invasion in vifro and promoting tumor
metastasis to the lungs in vivo [34].

3.2.3 Pancreatic cancer

Pancreatic cancer is a highly aggressive and malignant form of digestive system
cancer, often associated with a poor prognosis [37]. Research has shown that the
expression of HIURP was significantly higher in pancreatic cancer cells and tissues
compared to adjacent normal tissues, and that high expression of HIURP can predict a
lower survival rate [38]. Furthermore, studies have demonstrated that HJURP
promoted pancreatic cancer cell viability, sphere formation, migration, and invasion
in vitro, as well as tumorigenesis and metastasis in vivo. The mechanism behind these
effects was related to the ability of HJURP to promote the binding of histone 3 lysine

4 dimethylation (H3K4me2) at the promoter region of murine double minute 2
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(MDM2), which resulted in the degradation of p53 and the blockage of downstream
signaling pathways.

3.2.4 Cholangiocarcinoma (CCA)

The ectopic expression of HIURP and its prognostic significance in various subtypes
of CCA, including intrahepatic (iICCA), perihilar (pCCA), and distal (dCCA) CCA
were investigated [13]. The results showed that HIURP was highly expressed in all
subtypes of CCA and served as an independent prognostic biomarker in both iCCA
and pCCA, but not in dCCA. Additionally, the study found that the correlation
between HIURP expression and clinicopathological factors varied between different
subtypes of CCA, with iCCA showing the most significant correlation between
HJURP and advanced tumor infiltration (T stage) [13]. Given that the efficacy of
targeted therapy for CCA is currently limited, the identification of HJURP not only
provides valuable prognostic information but also offers a novel target for the
treatment of CCA [39].

3.2.5 Colorectal cancer (CRC)

CRC is a highly prevalent malignant digestive cancer that is responsible for a large
number of cancer-related deaths worldwide [40]. Although the expression of the
HJURP protein was higher in CRC tissues compared to normal tissues, there was no
significant association between HJURP expression and clinicopathological factors
such as tumor stage and metastasis [41]. In comparison to other types of cancer, the
prognosis relevance of HJURP in CRC is not as significant, which may be due to the

small sample size of studies. However, based on Kaplan-Meier analysis, the high
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expression of HJURP has been found to be correlated with shorter survival rates in
CRC patients. In vitro studies have demonstrated that HJURP promoted cell
anchorage-independent growth, migration, and invasion in CRC cell lines. Further
research is required to elucidate the molecular mechanisms underlying these
carcinogenic effects.

3.2.6 Gastric cancer

Gastric cancer is a prevalent and deadly tumor, ranking as the third leading cause of
cancer-related deaths worldwide. The most common pathological type of gastric
cancer is stomach adenocarcinoma (STAD), which arises from gastric mucosal glands
and accounts for approximately 95% of gastric cancer cases [42]. Recent studies have
found that HJURP expression was significantly higher in gastric cancer tissues
compared to normal tissues, and this expression was correlated with lymphatic
metastasis, TNM stage, and the presence of cancer thrombus [43]. Moreover,
microarray and bioinformatic analyses have shown that HJURP was upregulated in
STAD and associated with TNM stage and a longer survival rate in patients without
distant metastasis. These findings suggested that HJURP could be a valuable early
prognostic marker for gastric adenocarcinoma.[44, 45].

3.3 CANCER OF REPRODUCTIVE SYSTEM

3.3.1 Breast cancer

Breast cancer and ovarian cancer are the most common malignant cancers in women,
and both have common risk factors and gene expressions [46]. According to the Gene

Expression Omnibus (GEO) database, the expression of HIURP in breast cancer cell
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lines is higher than in normal breast cells, particularly in invasive ductal carcinomas
(IDC) [11]. HJURP was strongly associated with shorter survival time and
pathological factors of breast cancer, including estrogen-receptor (ER) negative,
progesterone-receptor (PR) negative, advanced Scarff-Bloom-Richardson (SBR)
grade, young age, and Ki67 proliferation indices. Additionally, HJURP was a better
independent prognosis marker for patients with ER-positive luminal A breast
carcinoma than the currently used proliferation marker Ki67 [47]. Furthermore, the
expression levels of HIURP and YAPI were significantly higher in triple-negative
breast cancer, which is the most aggressive subtype with poor prognosis and limited
therapeutic targets, and jointly associated with poor recurrence-free survival [48].
HJURP inhibited YAP1 ubiquitination and regulated the yes-associated protein 1
(YAP1)/ N-myc downstream regulated 1 (NDRGI1) pathway to promote cell
proliferation and decrease response to chemotherapy. Therefore, HJURP may be a
candidate prognosis biomarker for breast cancer and a therapeutic target against drug
resistant, especially fortriple-negative breast cancer [49]. Interestingly, although
patients with a low level of HJURP generally have longer survival times, clinical data
and in vitro experiments suggest that HJURP can enhance the sensitivity to
radiotherapy and effectively prolong survival time after radiotherapy in breast cancer,
possibly due to its role in DSB repair [11].

3.3.2 Ovarian cancer

Ovarian cancer is a highly aggressive and one of the most lethal gynecological tumors,

with serous ovarian carcinoma being the most common subtype of recurrent ovarian
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cancer [50]. HIJURP, mainly expressed in the nucleus of serous ovarian cancer cells,
was elevated in advanced serous ovarian cancer tissue samples. This increase in
HJURP was significantly associated with lower overall survival rate, lymph node
metastasis, and clinicopathological parameters indicative of malignant progression
[50, 51]. The molecular mechanism of HJURP in the progression of ovarian cancer
has been elucidated. HJURP targeted CENP-A and regulated EMT to facilitate the
metastatic capacity of ovarian cancer cells. Silencing HJURP inhibited cell
proliferation in vitro and in vivo by inducing apoptosis and cell cycle arrest through
regulating proteins related to the cell cycle [51, 52]. GO analysis has identified that
differential genes in ovarian cancer were enriched in the regulation of the cell cycle
[51, 52]. WEEI and MYC were found to be positively correlated with HJURP
according to the GEPIA database and experiments. Silencing HJURP enhanced the
sensitivity to cisplatin and a Weel inhibitor AZD1775 alone or in combination in
ovarian cancer cells by inducing apoptosis partly through the MYC/WEE1 pathway
and inhibiting DNA damage repair. These results suggested the promising role of
HJURP interference in anticancer treatment against chemoresistance.

3.3.3 Prostate cancer

Chen et al. initially reported on the high expression of HIURP in prostate cancer,
which has been found to be associated with several key indicators, including elevated
levels of prostate cancer-specific antigen, a high Gleason score, advanced
pathological stage, metastasis, and biochemical recurrence-free survival [53].

Subsequent clinical data from hospitals have also identified the prognostic value of
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HJURP in prostate cancer [54]. In vitro and in vivo experiments have confirmed the
pro-proliferation effect of HIURP in prostate cancer by inducing cell cycle transition.
Further investigations aimed to clarify the molecular mechanisms underlying these
effects revealed that HIJURP activated CDKNI1A ubiquitin-dependent proteasome
degradation through the GSK3B/JNK signaling pathway.

3.4 CANCER OF URINARY SYSTEM

3.4.1 Bladder cancer

Bladder cancer is a prevalent malignant cancer of the urinary system that involves
several biological processes, mainly including the cell cycle pathway and chromatin
regulation [55]. Previous study has identified that HJTURP was markedly upregulated
in bladder cancer tissues. Furthermore, knockdown of HJURP was shown to inhibit
bladder cancer cell proliferation [56]. Subsequent mechanistic studies revealed that
silencing HIURP could induce the generation of reactive oxygen species (ROS),
apoptosis, and cell cycle arrest at GO0/Gl phase through the peroxisome
proliferator-activated receptors y (PPARy)-sirtuin 1 (SIRT1) pathway. High
expression of HIURP was discovered in bladder urothelial carcinoma (BLCA), the
most common type of bladder cancer, and was found to be a poor prognostic indicator
[57]. Spearman analysis showed that HJURP was upregulated with genes related to
the c-Jun N-terminal kinase (JNK)/signal transducer and activator of transcription 3
(STAT3) pathway, cell proliferation, and cell cycle. Further studies verified that
HJURP activated the JNK/STAT3 signaling pathway to regulate cell proliferation,
cell cycle, and apoptosis in vitro.
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3.4.2 Renal cancer

Renal cancer is a malignant tumor of the urinary system, second to bladder cancer in
terms of incidence and mortality, mostly renal cell carcinoma (RCC) [58, 59]. Unlike
other cancers, HJURP was downregulated in RCC tissues and cell lines. The
overexpression of HJURP reduced the viability and colony formation of RCC cell
lines and induced apoptosis, cell cycle arrest at GO/G1 phase, and oxidative stress
through the PPARY/SIRT]1 signaling pathway [60]. In contrast, kidney renal clear cell
carcinoma (KIRC) is the most common subtype of RCC, and HJURP was identified
as a hub gene positively associated with the metastasis, progression, and worse
prognosis of KIRC [61, 62]. Furthermore, correlation analysis showed that HJURP
was closely related to immune infiltration and senescence processes, implying its
critical role in the TME, which requires further investigation [62, 63].

3.5 CANCER OF CENTRAL NERVOUS SYSTEM

Astrocytoma is the most common type of cancer in the central nervous system, and
glioblastoma is its most malignant subtype [64]. HJURP was overexpressed in
patients with astrocytoma and glioblastoma of different grades, which was closely
associated with poor prognosis and tumor aggressiveness [65, 66]. Consistent with
previous findings, knocking down of HJURP inhibited the viability and migration of
glioblastoma cells by inducing cell cycle arrest, premature senescence, and apoptosis,
without affecting non-tumor cells [65, 67, 68]. Additionally, silencing HJURP
increased the sensitivity of glioblastoma cells to irradiation, leading to higher rates of

apoptosis and cell death. Molecular studies have shown that in addition to its
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interaction with CENP-A, HJURP was positively regulated by Kruppel-like factor 11
(KLF11) enhancing the proliferation and migration of glioblastoma cells [67, 68].
Therefore, targeting HIJURP could be a potential adjunct therapy for the treatment of
glioblastoma.

3.6 CANCER OF ENDOCRINE SYSTEM

Anaplastic thyroid cancer is a highly aggressive and deadly subtype of thyroid cancer
that currently has limited therapeutic effect. Effective targeted therapy is urgently
needed to improve outcomes for patients [69]. Recent research has identified HJURP
as a potential therapeutic target, was upregulated in anaplastic thyroid cancer.
However, further investigation is needed to verify its efficacy as a treatment option
[70].

3.7 OTHER CANCERS

3.7.1 Multiple myeloma

Multiple myeloma is a type of blood cancer that is currently considered incurable.
However, there is promising research on targeted drugs that could potentially
overcome drug resistance and improve patient prognosis [71]. In t(4;14)-positive
multiple myeloma, HIURP has been identified as a super-enhancer (SE)-associated
gene that was frequently overexpressed and linked to cancer progression and poor
patient outcomes [72]. Further research has revealed that the transcription of HJURP
was regulated by the nuclear receptor-binding SET domain protein 2
(NSD2)/bromodomain-containing protein 4 (BRD4) complex, which activated SE

activity upstream of the gene. Notably, knocking down HJURP has been shown to
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inhibit cell growth by inducing apoptosis, suggesting that SE-driven HIURP could be
a potential therapeutic target for t(4;14)-positive multiple myeloma. These findings
offer hope for improving treatment options for patients with this type of blood cancer.
3.7.2 Thymic epithelial tumor (TET)

Recent research has shed light on the relationship between HJURP and TETs [73].
HJURP expression was primarily confined to the nucleus, although cytoplasmic
localization was more commonly observed in B3- and C-type TETs than in other TET
subtypes, and was positively associated with advanced Masaoka-Koga stage. In
contrast, nuclear HJURP expression does not exhibit such correlations, suggesting
that the subcellular localization of HIJURP may have distinct functional implications.
4. SUMMARY AND PERSPECTIVES

Pan-cancer analysis has revealed that HJURP is frequently overexpressed in a
significant number of human cancers, and is closely associated with poor prognosis
and disease progression. Recent studies have further confirmed that HJURP
overexpression promotes cell proliferation, metastasis, and drug resistance, which
may be attributed to its involvement in repairing DNA damage to maintain the
genomic stability of cancer cells. Correspondingly, silencing HJURP can induce
apoptosis, cell cycle arrest, and senescence, leading to antitumor effects. In addition,
inhibiting HJURP expression can increase the sensitivity of breast and ovarian
cancers to chemotherapy and glioblastoma to radiotherapy [48, 51, 67]. On the other
hand, in breast cancer patients, HJTURP overexpression may help prolong survival

after radiotherapy, but only to a limited extent compared to patients with lower
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expression levels of HIURP [11]. However, the in vivo efficacy of HJURP as an
antitumor target has only been tested in HCC, pancreatic, prostate, and ovarian
cancers, and should be validated in other cancer types.

Furthermore, the oncogenic properties of HJURP and its underlying regulatory
mechanisms were elucidated. Studies have shown that HIURP is involved in multiple
pathways that are related to cell cycle, drug resistance, cell proliferation, DSB repair,
apoptosis, oxidative stress and EMT in different human cancers (Table 1, Figure 4).
However, variations in regulatory mechanisms of the identical pathway can occur
across different cancer types such as the PPARY/SIRT1 signaling pathway in RCC
and bladder cancer. Among a number of downstream targets, it's worth noting that the
interaction between HIURP and CENP-A plays a critical role in cell cycle arrest and
cell death. Phosphorylation of HIURP is required for its centromeric recruitment and
loading of CenH3“ENP-A at centromeres by binding to DNA during the regulation of
the cell cycle [44]. HIURP, identified as the CENP-A chaperone, contains a cyclin A
binding site that can regulate specific inhibitory phosphorylation to maintain
cell-cycle control of CENP-A assembly [10]. Knockdown of HJURP impairs
CENP-A deposition and maintenance at centromeres in cell mitosis, which leads to
abnormal chromosome instability and separation defects and could subsequently
induce senescence and death of cancer cells [8, 74, 75]. HJURP depletion also
represses CENP-A levels that can induce cellular senescence through the
p53-dependent pathway [76]. The suppression of HJURP could be exploited to induce

senescence, and its combination with senolytic agents is now considered a promising
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anticancer therapy [77]. However, despite its association with diverse immune
signaling pathways and regulation of multiple immune cell infiltrations, the precise
functions of HJURP on immune regulation remain elusive and need further
exploration.

The biological functions of HJURP vary depending on the type of cancer and
subcellular location. HJURP overexpression is generally associated with poor clinical
outcomes and promotes tumorigenesis in most cancers, while contrary roles of
HJURP have been observed according to database analysis in some cancers and it has
been confirmed to act as a cancer suppressor in RCC, albeit with differences among
RCC subtypes [60, 62]. Likewise, downregulation of HJURP expression caused by
HJURP polymorphism may lead to susceptibility to HCC [29]. These findings suggest
that HHJURP may play a dual role in cancer and more evidence is needed to support
this hypothesis.

The localization of HJURP expression has been a topic of disagreement among
various studies, with different cancer cell types displaying varying molecular
functions. For example, in U20S cells, serous ovarian cancer cells, and
t(4;14)-positive multiple myeloma cells, HJURP has been observed to localize in the
nucleus [8, 9, 12, 72]. HJURP has been further found to co-localize with ER and
microtubules in U20S cells [15]. However, in various cancer cells, including HCC,
prostate cancer, and breast cancer, HJURP is mainly expressed in the cytoplasm [34,
48, 53, 54]. In CRC, HJURP has been located in the cytoplasm and/or cell membrane

[41], while in gliomas, HJURP immunoreactivity has been observed in both the
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nucleus and cytoplasm, increasing with the grade of gliomas [64]. HIURP nuclear
expression was more positive in epithelial and lymphoid cells, while cytoplasmic
HJURP was positive in B3- and C- type TETs and associated with nuclear and
cytoplasmic CENP-A [73]. The observed variations in the localization of HJURP
imply its involvement in diverse functions, since HJURP is functionally associated
with CENP-A, which leads to poor prognosis in human cancers when expressed in the
nucleus, but a better prognosis in a small subgroup of patients with TETs when
expressed in the cytoplasm [73, 78]. Further investigation is needed to advance our
understanding of HIURP's complex mechanisms in cancer.

In conclusion, our study highlights the critical role of HJURP in cancer progression
and suggests that HJURP may serve as a potential biomarker for predicting patient
outcomes and as a novel therapeutic target. Therefore, regulating HJURP levels or

identifying HIURP inhibitors may be promising strategies for cancer treatment.



REFERENCES

[1]

2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

S Gemble, A Simon, C Pennetier, M Dumont, S Herve, F Meitinger, et al.:
Centromere Dysfunction Compromises Mitotic Spindle Pole Integrity. Curr
Biol 2019, 29: 3072-3080 e3075.

M A Mahlke and Y Nechemia-Arbely: Guarding the Genome:
CENP-A-Chromatin in Health and Cancer. Genes (Basel) 2020, 11.

Y Niikura, R Kitagawa, L Fang and K Kitagawa: CENP-A Ubiquitylation is
Indispensable to Cell Viability. Dev Cell 2019, 50: 683-689 e¢686.

L Andronov, K Ouararhni, I Stoll, B P Klaholz and A Hamiche: CENP-A
Nucleosome Clusters form Rosette-like Structures around HJURP during G1.
Nat Commun 2019, 10: 4436.

D R Foltz, L E Jansen, A O Bailey, J R Yates, 3rd, E A Bassett, S Wood, et al.:
Centromere-specific Assembly of CENP-A Nucleosomes is Mediated by
HJURP. Cell 2009, 137: 472-484.

M Shuaib, K Ouararhni, S Dimitrov and A Hamiche: HJURP Binds
CENP-A via A Highly Conserved N-terminal Domain and Mediates Its
Deposition at Centromeres. Proc Natl Acad Sci U S A 2010, 107: 1349-1354.
H Hu, Y Liu, M Wang, J Fang, H Huang, N Yang, et al.:  Structure of A
CENP-A-histone H4 Heterodimer in Complex with Chaperone HIURP. Genes
Dev 2011, 25: 901-906.

E M Dunleavy, D Roche, H Tagami, N Lacoste, D Ray-Gallet, Y Nakamura,
etal.. HIJURP is A Cell-cycle-dependent Maintenance and Deposition Factor
of CENP-A at Centromeres. Cell 2009, 137: 485-497.

T Kato, N Sato, S Hayama, T Yamabuki, T Ito, M Miyamoto, et al.:
Activation of Holliday Junction Recognizing Protein Involved in the
Chromosomal Stability and Immortality of Cancer Cells. Cancer Res 2007, 67:
8544-8553.

A Stankovic, L Y Guo, J F Mata, D L Bodor, X J Cao, A O Bailey, etal.: A
Dual Inhibitory Mechanism Sufficient to Maintain Cell-Cycle-Restricted

CENP-A Assembly. Mol Cell 2017, 65: 231-246.
22



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Z Hu, G Huang, A Sadanandam, S Gu, M E Lenburg, M Pai, 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.

L Li, X Li, Q Meng, A Q Khan and X Chen: Increased Expression of
Holliday Junction-Recognizing Protein (HJURP) as An Independent
Prognostic Biomarker in Advanced-Stage Serous Ovarian Carcinoma. Med Sci
Monit 2018, 24: 3050-3055.

Y Yang, J Yuan, Z Liu, W Cao and P Liu: The Expression, Clinical
Relevance, and Prognostic Significance of HIURP in Cholangiocarcinoma.
Front Oncol 2022, 12: 972550.

R Su, H Huang, X Gao, Y Zhou, S Yin, H Xie, et al.: A Pan-cancer Analysis
of the Oncogenic Role of Holliday Junction Recognition Protein in Human
Tumors. Open Med (Wars) 2022, 17: 317-328.

J Li, J Zheng, R Zhang, W Zhang, J Zhang and Y Zhang: Pan-cancer
Analysis Based on Epigenetic Modification Explains the Value of HJURP in
the Tumor Microenvironment. Sci Rep 2022, 12: 20871.

Y Li, Q Yi, X Liao, C Han, L Zheng, H Li, et al.: Hypomethylation-driven
Overexpression of HJURP Promotes Progression of Hepatocellular Carcinoma
and Is Associated with Poor Prognosis. Biochem Biophys Res Commun 2021,
566: 67-74.

H Y Min and H Y Lee:  Molecular Targeted Therapy for Anticancer
Treatment. Exp Mol Med 2022, 54: 1670-1694.

D Filipescu, M Naughtin, K Podsypanina, V Lejour, L Wilson, Z A
Gurard-Levin, et al.:  Essential Role for Centromeric Factors Following p53
Loss and Oncogenic Transformation. Genes Dev 2017, 31: 463-480.

D S Chandrashekar, B Bashel, S A H Balasubramanya, C J Creighton, I
Ponce-Rodriguez, B Chakravarthi, et al.: UALCAN: A Portal for Facilitating

Tumor Subgroup Gene Expression and Survival Analyses. Neoplasia 2017, 19:

23



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

649-658.

Z Tang, C Li, B Kang, G Gao, C Li and Z Zhang: GEPIA: A Web Server for
Cancer and Normal Gene Expression Profiling and Interactive Analyses.
Nucleic Acids Res 2017, 45: W98-W102.

H Sung, J Ferlay, R L Siegel, M Laversanne, I Soerjomataram, A Jemal, et al.:
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin 2021,
71:209-249.

L Chen, C Zeng, L Yan, W Liao, C Zhen and J Yao: Prognostic Value of
Holliday Junction-recognizing Protein and Its Correlation with Immune
Infiltrates in Lung Adenocarcinoma. Oncol Lett 2022, 24: 232.

J Chen and F Wang: Expression and Clinical Significance of HJURP in
Lung Squamous Cell Carcinima. Journal of Clinical Pulmonary Medicine
2021, 26: 1226-1231.

F S Varn, L J Tafe, C I Amos and C Cheng: Computational Immune
Profiling in Lung Adenocarcinoma Reveals Reproducible Prognostic
Associations with Implications for Immunotherapy. Oncoimmunology 2018, 7:
e1431084.

Y Wei, G L Ouyang, W X Yao, Y J Zhu, X Li, L X Huang, et al.:
Knockdown of HJURP Inhibits Non-small Cell Lung Cancer Cell
Proliferation, Migration, and Invasion by Repressing Wnt/beta-catenin
Signaling. Eur Rev Med Pharmacol Sci 2019, 23: 3847-3856.

J Rodriguez-Molinero, B D C Miguelanez-Medran, C Puente-Gutierrez, E
Delgado-Somolinos, C Martin Carreras-Presas, J Fernandez-Farhall, et al.:
Association between Oral Cancer and Diet: An Update. Nutrients 2021, 13.

B Tsevegjav, A Takano, M Zhu, Y Yoshitake, M Shinohara and Y Daigo:
Holliday Junction Recognition Protein As a Prognostic Biomarker and
Therapeutic Target for Oral Cancer. Int J Oncol 2022, 60.

K W Chang, C E Lin, H F Tu, H Y Chung, Y F Chen and S C Lin:

24



[29]

[30]

[31]

[32]

[33]

[34]

[35]

Establishment of A p53 Null Murine Oral Carcinoma Cell Line and the
Identification of Genetic Alterations Associated with This Carcinoma. Int J
Mol Sci 2020, 21.

J Baek, H Lee, K W Hwang, E Kim and H Min: The Association of CD28
Polymorphism, rs3116496, with Cancer: A Meta-analysis. Comput Biol Med
2015, 61: 172-177.

W Huang, W Xie, H Wang, Y Lu, X Liao, W Zhou, et al.:  Association
between Holliday Junction Recognition Protein rs3771333 Polymorphism and
Clinical Phenotype of Primary Liver Cancer. Journal of Guangxi Medical
University 2014, 31: 559-562.

W Huang, H Zhang, Y Hao, X Xu, Y Zhai, S Wang, 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.

J Saha, J Bae, S Y Wang, H Lu, L J Chappell, P Gopal, et al.:  Ablating
Putative Ku70 Phosphorylation Sites Results in Defective DNA Damage
Repair and Spontaneous Induction of Hepatocellular Carcinoma. Nucleic
Acids Res 2021, 49: 9836-9850.

T Chen, H Huang, Y Zhou, L Geng, T Shen, S Yin, et al.: HJURP Promotes
Hepatocellular Carcinoma Proliferation by Destabilizing p21 via the
MAPK/ERK1/2 and AKT/GSK3beta Signaling Pathways. J Exp Clin Cancer
Res 2018, 37: 193.

T Chen, L Zhou, Y Zhou, W Zhou, H Huang, S Yin, et al.: HJURP Promotes
Epithelial-to-Mesenchymal  Transition via Upregulating SPHKI1 in
Hepatocellular Carcinoma. /nt J Biol Sci 2019, 15: 1139-1147.

B Hu, Q Wang, Y Wang, J Chen, P Li and M Han: Holliday
Junction-recognizing Protein Promotes Cell Proliferation and Correlates with
Unfavorable Clinical Outcome of Hepatocellular Carcinoma. Onco Targets

Ther 2017, 10: 2601-2607.

25



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

D Luo, S Liao, Y Liu, Y Lin, Y Li and X Liao: Holliday Cross-Recognition
Protein HJURP: Association With the Tumor Microenvironment in
Hepatocellular Carcinoma and With Patient Prognosis. Pathol Oncol Res 2022,
28:1610506.

J Kleeff, M Korc, M Apte, C La Vecchia, C D Johnson, A V Biankin, et al.:
Pancreatic Cancer. Nat Rev Dis Primers 2016, 2: 16022.

CJ Wang, X Li, P Shi, H Y Ding, Y P Liu, T Li, et al.: Holliday Junction
Recognition Protein Promotes Pancreatic Cancer Growth and Metastasis via
Modulation of the MDM2/p53 Signaling. Cell Death Dis 2020, 11: 386.

Y Li, Y Song and S Liu: The New Insight of Treatment in
Cholangiocarcinoma. J Cancer 2022, 13: 450-464.

N Li, B Lu, C Luo, J Cai, M Lu, Y Zhang, et al.: Incidence, Mortality,
Survival, Risk factor and Screening of Colorectal Cancer: A Comparison
among China, Europe, and Northern America. Cancer Lett 2021, 522:
255-268.

D H Kang, J Woo, H Kim, S Y Kim, S Ji, G Jaygal, et al.:  Prognostic
Relevance of HJURP Expression in Patients with Surgically Resected
Colorectal Cancer. Int J Mol Sci 2020, 21.

J A Ajani, T A D'Amico, D J Bentrem, J Chao, D Cooke, C Corvera, et al.:
Gastric Cancer, Version 2.2022, NCCN Clinical Practice Guidelines in
Oncology. J Natl Compr Canc Netw 2022, 20: 167-192.

L Wang, P Xie, X He, S Ji and J Zhou: Relationship between Expression of
Holliday Junction Recognition Protein and Development and Prognosis of
Gastric Cancer. Zhejiang Clinical Medical Journal 2021, 23: 1088-1090.

S Muller, R Montes de Oca, N Lacoste, F Dingli, D Loew and G Almouzni:
Phosphorylation and DNA Binding of HJURP Determine Its Centromeric
Recruitment and Function in CenH3(CENP-A) Loading. Cell Rep 2014, 8:
190-203.

C Chi, Master, Qingdao university, 2017.

26



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

R Yoshida: Hereditary Breast and Ovarian Cancer (HBOC): Review of Its
Molecular Characteristics, Screening, Treatment, and Prognosis. Breast
Cancer 2021, 28: 1167-1180.

R Montes de Oca, Z A Gurard-Levin, F Berger, H Rehman, E Martel, A
Corpet, et al.:  The Histone Chaperone HJURP Is A New Independent
Prognostic Marker for Luminal A Breast Carcinoma. Mol Oncol 2015, 9:
657-674.

M Mao, Y Jia, Y Chen, J Yang, L Xu, X Zhang, et al.: =~ HJURP Regulates
Cell Proliferation and Chemo-Resistance via YAP1/NDRG1 Transcriptional
Axis in Triple-negative Breast Cancer. Cell Death Dis 2022, 13: 396.

D D Singh and D K Yadav: TNBC: Potential Targeting of Multiple
Receptors for A  Therapeutic Breakthrough, Nanomedicine, and
Immunotherapy. Biomedicines 2021, 9.

C Song, K B Kim, J H Lee and S Kim: Bioinformatic Analysis for
Influential Core Gene Identification and Prognostic Significance in Advanced
Serous Ovarian Carcinoma. Medicina (Kaunas) 2021, 57.

Z Dou, C Qiu, X Zhang, S Yao, C Zhao, Z Wang, et al.: HJURP Promotes
Malignant Progression and Mediates Sensitivity to Cisplatin and
WEE 1 -inhibitor in Serous Ovarian Cancer. Int J Biol Sci 2022, 18: 1188-1210.
Y Zhang, W Zhang, L Sun, Y Yue, D Shen, B Tian, et al.: HJURP Inhibits
Proliferation of Ovarian Cancer Cells by Regulating CENP-A/CENP-N. Bull
Cancer 2022, 109: 1007-1016.

Y F Chen, Y X Liang, J A Yang, D Z Yuan, J Li, S S Zheng, et al.:
Upregulation of Holliday Junction Recognition Protein Predicts Poor
Prognosis and Biochemical Recurrence in Patients with Prostate Cancer.
Oncol Lett 2019, 18: 6697-6703.

W Lai, W Zhu, C Xiao, X Li, Y Wang, Y Han, et al.: HJURP Promotes
Proliferation in Prostate Cancer Cells through Increasing CDKNIA
Degradation via the GSK3beta/JNK Signaling Pathway. Cell Death Dis 2021,

27



[55]

[56]

[57]

[58]
[59]

[60]

[61]

[62]

[63]

[64]

12: 583.

W Martin-Doyle and D J Kwiatkowski: ~ Molecular Biology of Bladder
Cancer. Hematol Oncol Clin North Am 2015, 29: 191-203, vii.

R Cao, G Wang, K Qian, L Chen, G Qian, C Xie, 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: 2282-2295.
S Gao, X Q Zhou, Q Wu, X D Chen, P Liand Y M Qin: Effects of Holliday
Junction-Recognition Protein-Mediated C-Jun N-Terminal Kinase/ Signal
Transducer and Activator of Transcription 3 Signaling Pathway on Cell
Proliferation, Cell Cycle and Cell Apoptosis in Bladder Urothelial Carcinoma.
Tohoku J Exp Med 2022, DOI: 10.1620/tjem.2022.J113.

S A Padala and A Kallam, in StatPearls, Treasure Island (FL), 2022.

R L Siegel, K D Miller, H E Fuchs and A Jemal: Cancer Statistics, 2022. CA
Cancer J Clin 2022, 72: 7-33.

J'S Yuan, Z S Chen, K Wang and Z L Zhang: Holliday
Junction - recognition Protein Modulates Apoptosis, Cell Cycle Arrest and
Reactive Oxygen Species Stress in Human Renal Cell Carcinoma. Oncol Rep
2020, 44: 1246-1254.

W Wei, Y Lv, Z Gan, Y Zhang, X Han and Z Xu: Identification of Key
Genes Involved in the Metastasis of Clear Cell Renal Cell Carcinoma. Oncol
Lett 2019, 17: 4321-4328.

F Zhang, D Yuan, J Song, W Chen, W Wang, G Zhu, et al.: HJURP is A
Prognostic Biomarker for Clear Cell Renal Cell Carcinoma and Is Linked to
Immune Infiltration. Int Immunopharmacol 2021, 99: 107899.

P Zhou, Z Liu, H Hu, Y Lu, J Xiao, Y Wang, et al..  Comprehensive
Analysis of Senescence Characteristics Defines a Novel Prognostic Signature
to Guide Personalized Treatment for Clear Cell Renal Cell Carcinoma. Front
Immunol 2022, 13: 901671.

S Gritsch, T T Batchelor and L N Gonzalez Castro: Diagnostic, Therapeutic,

28



[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

and Prognostic Implications of the 2021 World Health Organization
Classification of Tumors of the Central Nervous System. Cancer 2022, 128:
47-58.

V Valente, R B Serafim, L C de Oliveira, F S Adorni, R Torrieri, D P Tirapelli,
etal.: Modulation of HIURP (Holliday Junction-recognizing Protein) Levels
1s Correlated with Glioblastoma Cells Survival. PLoS One 2013, 8: €62200.

M de Tayrac, S Saikali, M Aubry, P Bellaud, R Boniface, V Quillien, et al.:
Prognostic Significance of EDN/RB, HJURP, p60/CAF-1 and PDLI4, Four
New Markers in High-grade Gliomas. PLoS One 2013, 8: €73332.

R B Serafim, C Cardoso, L F M Di Cristofaro, C Pienna Soares, W Araujo
Silva, Jr., E M Espreafico, et al.: HJURP Knockdown Disrupts Clonogenic
Capacity and Increases Radiation-induced Cell Death of Glioblastoma Cells.
Cancer Gene Ther 2020, 27: 319-329.

J Li, C Wang, R Cheng, H Su, L Wang, L Ji, et al.. KLF11 Promotes the
Progression of Glioma via Regulating Holliday Junction Recognition Protein.
Cell Biol Int 2022, 46: 1144-1155.

P C Iyer, R Dadu, R Ferrarotto, N L Busaidy, M A Habra, M Zafereo, et al.:
Real-World Experience with Targeted Therapy for the Treatment of
Anaplastic Thyroid Carcinoma. Thyroid 2018, 28: 79-87.

M Liu, Y L Qiu, T Jin, Y Zhou, Z Y Mao and Y J Zhang: Meta-analysis of
Microarray Datasets Identify Several Chromosome Segregation-Related
Cancer/Testis Genes Potentially Contributing to Anaplastic Thyroid
Carcinoma. Peer.J 2018, 6: ¢5822.

C Gu, Y Wang, L Zhang, L Qiao, S Sun, M Shao, et al.. AHSAI is a
Promising Therapeutic Target for Cellular Proliferation and Proteasome
Inhibitor Resistance in Multiple Myeloma. J Exp Clin Cancer Res 2022, 41:
1.

Y Jia, J Zhou, T K Tan, T H Chung, Y Chen, J Y Chooi, et al.:  Super

Enhancer-Mediated Upregulation of HJURP Promotes Growth and Survival of

29



[73]

[74]

[75]

[76]

[77]

[78]

t(4;14)-Positive Multiple Myeloma. Cancer Res 2022, 82: 406-418.

G Levidou, K Palamaris, A G Sykaras, G Andreadakis, C Masaoutis, I
Theochari, et al.:  Unraveling the Role of Histone Variant CENP-A and
Chaperone HIURP Expression in Thymic Epithelial Neoplasms. Int J Mol Sci
2022, 23.

P K Mishra, W C Au, J S Choy, P H Kuich, R E Baker, D R Foltz, et al.:
Misregulation of Scm3p/HJURP Causes Chromosome Instability in
Saccharomyces Cerevisiae and Human Cells. PLoS Genet 2011, 7: €1002303.
A Calcinotto, J Kohli, E Zagato, L Pellegrini, M Demaria and A Alimonti:
Cellular Senescence: Aging, Cancer, and Injury. Physiol Rev 2019, 99:
1047-1078.

J 1 Heo, J H Cho and J R Kim: HJURP Regulates Cellular Senescence in
Human Fibroblasts and Endothelial Cells via A p53-dependent Pathway. J
Gerontol A Biol Sci Med Sci 2013, 68: 914-925.

L Wang, L Lankhorst and R Bernards:  Exploiting Senescence for the
Treatment of Cancer. Nat Rev Cancer 2022, 22: 340-355.

Q Wu, Y M Qian, X L Zhao, S M Wang, X J Feng, X F Chen, et al.:
Expression and Prognostic Significance of Centromere Protein A in Human

Lung Adenocarcinoma. Lung Cancer 2012, 77: 407-414.

30



Acknowledgments
This work was supported by grants from the National Natural Science Foundation
of China (82174025, 82104209), the NSFC-Joint Foundation of Yunnan Province
(U1902213), the Guangdong Province Key Area R&D Program of China

(2020B1111110003).

Competing interest

The authors declare that they have no competing interests.



Figure legends

Figure 1 The expression of HJURP in human tumor and normal tissues. The
expression of HJURP is higher in tumor tissues than in normal tissues for the
following types of cancer: BLCA, BRCA, CESC, CCA, COAD, ESCA, GBM, HNSC,
KICH, KIRC, KIRP, LIHC, LUAD, LUSC, PCPG, PRAD, READ, STAD, and
UCEC.

Figure 2 The relationship between the expression of HIURP and clinical prognosis.
The Kaplan-Meier method was used to analyze OS and DFS based on HJURP gene
expression.

Figure 3 The relationship between the expression of HIURP and pathological stage of
tumor. Violin plots of HJURP were used based on the patient's pathological stage.

Figure 4 The oncogenic regulation of HIURP and its downstream substrates.
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