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Background: Lung adenocarcinoma (LUAD) is the most prevalent subtype of
non-small cell lung cancer (NSCLC), characterized by poor prognosis and a high
mortality rate. Identifying reliable prognostic biomarkers and potential
therapeutic targets is crucial for improving patient outcomes.

Methods:We conducted a comprehensive analysis of HJURP expression in LUAD
using data from four cohorts: TCGA-LUAD (n = 453), GSE31210 (n = 226),
GSE68465 (n = 442), and GSE72094 (n = 386). Univariate Cox regression
analysis was employed to identify prognostic genes, with Kaplan-Meier
survival analysis used to assess the predictive power of HJURP. Functional
enrichment analyses were performed using MetaScape and FGSEA, and spatial
transcriptomics and single-cell sequencing data were analyzed to explore
HJURP’s distribution and potential functions. Additionally, correlations
between HJURP expression and genetic alterations, immune cell infiltration,
and potential therapeutic responses were evaluated.

Results: HJURP was identified as a significant prognostic biomarker in all four
cohorts, with high expression associated with increased risk of overall survival
(OS) death (TCGA-LUAD: HR = 1.93, 95% CI: 1.321–2.815, P < 0.001; GSE31210:
HR = 2.75, 95% CI: 1.319–5.735, P = 0.007; GSE68465: HR = 1.57, 95% CI:
1.215–2.038, P < 0.001; GSE72094: HR = 2.2, 95% CI: 1.485–3.27, P < 0.001).
Functional analyses indicated that HJURP is involved in DNA metabolic
processes, cell cycle regulation, and mitotic processes, with significant
activation of pathways related to MYC targets, G2M checkpoint, and DNA
repair. High HJURP expression was associated with higher mutation
frequencies in TP53, CSMD3, TTN, and MUC16, and positively correlated with
pro-inflammatory immune cell infiltration and several immune checkpoints,
including PD-L1 and PD-L2. Chemotherapeutic agents such as gefitinib and
sorafenib were predicted to be effective against high HJURP-expressing tumors.
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Conclusion: HJURP is a pivotal biomarker for LUAD, consistently associated with
poor prognosis and advanced disease stages. Its high expression correlates with
specific genetic alterations and immune profiles, highlighting its potential as a
therapeutic target. Future studies should validate these findings in larger cohorts.
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Introduction

According to the latest data released by the International Agency
for Research on Cancer and the World Health Organization, there
were 24.80 million new cancer cases and 18.17 million cancer-
related deaths worldwide in 2022. Lung cancer had an incidence rate
of 12.4%, making it the second most common cancer globally, and a
mortality rate of 18.7%, the highest among all cancers (Bray et al.,
2024). As for China, lung cancer also accounts for the first frequently
tumor of both diagnosis and death, there are about 870,982 new
cancer cases and 766,898 cancer-related deaths in 2022, both the
incidence rate and mortality rate are significantly severe than global
level (Xia et al., 2022). The two main types of lung cancer are small
cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC),
with NSCLC accounting for approximately 85% of all lung cancer
cases. Lung adenocarcinoma (LUAD) is the most prevalent subtype
of NSCLC, accounting for approximately 40%–50% of all lung
cancer cases (Herbst et al., 2018; Lahiri et al., 2023). Clinically,
LUAD often presents with symptoms such as persistent cough, chest
pain, and shortness of breath, and it is frequently diagnosed at an
advanced stage due to its asymptomatic early course (Ruano-Ravina
et al., 2020). Despite significant advancements in various treatments
such as surgery, radiation therapy, chemotherapy, targeted therapy,
and immunotherapy, the 5-year survival rate remains below 18%
(Siegel et al., 2021).

The incidence of LUAD is influenced by factors such as smoking,
genetic susceptibility, and environmental exposures (e.g., air pollution
and occupational hazards) (Wu et al., 2022). Interestingly, LUAD is
more common in non-smokers compared to other lung cancer
subtypes, suggesting that genetic and environmental factors play
significant roles in its development beyond smoking. A Japanese
case-control study showed that smoking had a greater impact on
squamous cell carcinoma (SqCC) and SCLC than on LUAD, with
odds ratios (OR) of 9.08 and 10.18 for SqCC and SCLC, respectively,
compared to an OR of 2.14 for AD in men (Seki et al., 2013). Air
pollution, particularly particulate matter with an aerodynamic
diameter ≤2.5 μm (PM2.5), is another significant risk factor for lung
cancer. Long-term exposure to high concentrations of PM2.5 can
induce chronic inflammatory responses and repeated particulate
deposition, thereby disrupting the lung cells’ self-repair capabilities
and increasing lung cancer risk (Lequy et al., 2021;Wang et al., 2022). A
study from China found that lung adenocarcinoma is the most
common genetic type, with its proportion rising, especially among
non-smokers. The study also identified severe urban pollution and
being female as additional risk factors for LUAD (Li et al., 2022).
Another study indicated that for every 10 μg/m3 increase in PM2.5, the
lung cancer mortality rate increases by 6.2% (Chung et al., 2021).
Approximately 50%–70% of LUAD patients are found to have driver
gene mutations, although the exact percentage may vary depending on

the study or patient population (Saito et al., 2016). Mutations in genes
such as TP53, EGFR, KRAS, BRAF, and ALK, as well as arm-level copy
number alterations (CNA) and loss of heterozygosity in HLA, are
increasingly frequent in the development of lung adenocarcinoma.
These genomic alterations drive tumor growth and serve as targets
for specific therapies (Kaneko et al., 2024). EGFR is a transmembrane
signaling receptor that plays a central role in various cellular processes,
including proliferation, migration, adhesion, and invasion. EGFR is
overexpressed in several epithelial cancers, including NSCLC, making it
a proposed therapeutic target. Initial clinical trials of oral EGFR tyrosine
kinase inhibitors (TKIs), such as erlotinib and gefitinib, demonstrated
moderate efficacy in unselected NSCLC patients’ post-chemotherapy,
with response rates around 10% and a median survival extension of
2 months compared to placebo (Kim et al., 2008; Shepherd et al., 2005).

The tumor microenvironment (TME) predominantly comprises
various subpopulations of T and B lymphocytes, dendritic cells (DCs),
macrophages, neutrophils, and myeloid-derived suppressor cells
(MDSCs) (Belli et al., 2018). The equilibrium between pro-
tumorigenic and anti-tumorigenic factors within the TME dictates
tumor progression. Numerous immune cells, such as
M2 macrophages and regulatory T cells (Tregs), contribute to tumor
immune evasion (Pitt et al., 2016). Recent days, a study utilizing the data
of 361,929 cells analyzed with single-cell RNA sequencing that from
35 LUAD samples, reveling an immune cell module associated with
tumor mutational burden (TMB), cancer-testis antigens,
TP53 mutations, and an enhanced response to immune checkpoint
inhibitors (ICIs) in patients with even median TMB. This module also
correlated with the cancer-associated fibroblast (CAF) score and
inversely correlated with the fibroblast score (Leader et al., 2021).
Thus, a strong interconnection exists between tumor immune
infiltration, tumor gene expression patterns, and the TME.

Therefore, elucidating the molecular mechanisms of LUAD
development and progression, especially regarding the immune
phenotypes that clarify tumor-immune interactions, and
identifying new immunotherapy-related targets is of paramount
importance. In the current study, we aimed to identify key genes that
can reflect clinical outcomes by including multiple LUAD
sequencing cohorts. We analyzed their potential roles from
perspectives such as alterations in cell signaling pathways and
gene mutations, in order to identify potential new targets for
clinical treatment of LUAD.

Methods

Patient summary

A cohort of 453 patients from The Cancer Genome Atlas
(TCGA)-LUAD was initially included for analysis. Each patient
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possessed comprehensive gene expression profiles along with
corresponding clinical information. All data were obtained using
the R package “TCGAbiolinks” (Colaprico et al., 2016). In addition,
several cohorts released on Gene Expression Omnibus (GEO)
database with overall survival (OS) time were also enrolled,
including GSE31210, GSE68465, GSE72094, GSE11117,
GSE11969, GSE13213, GSE = 42,127, GSE19188, GSE63459,
GSE29016. GSE40791 and GSE31547 contains the gene
expression matrix of both normal and tumor sample, and also be
employed to compare the different expression. Importantly, patients
with an overall survival (OS) time of less than 1 month were
excluded to mitigate potential bias. For the TCGA-LUAD gene
expression profile, genes with zero expression in more than 10% of
samples were also excluded. The count data were converted to
transcripts per kilobase million (TPM) values, followed by a
log2(TPM+1) transformation for subsequent analysis (Lu et al.,
2019). All the gene expression data ranges from 0 to 20 after
scale. All the GEO cohorts can be downloaded from the Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/).

Identify the pivotal prognostic gene

Univariate Cox analysis was employed to identify prognostic
genes in the TCGA-LUAD and three GEO cohorts, selecting those
with a hazard ratio (HR) greater than 1.5 and a p-value less than
0.05. Subsequently, a Venn diagram was utilized to display the
consensus prognostic genes for further analysis. Kaplan-Meier
curves were generated to compare overall survival (OS) using the
log-rank test. A meta-analysis based on the HR and 95% confidence
intervals (95% CI) was calculated to uncover the overall
prognostic value.

Functional signaling enrichment analysis

We calculated the correlations among genes with selected gene
by Pearson correlation test, and the signaling enrichment of the top
200 genes were performed by MetaScape (http://metascape.org/)
(Zhou et al., 2019). We evaluated the activated pathways using fast
gene set enrichment analysis (fgsea, https://github.com/ctlab/
FGSEA/). Initially, GSEA was conducted by ranking the input
molecular readouts, followed by calculating the pathway
enrichment score through a running-sum statistic. This method
increases the score if a feature falls into the target pathway and
decreases it otherwise. The final score represents the maximum
deviation from zero observed during the random walk, normalized
by computing the z-score of the estimate compared to a null
distribution derived from random permutations. CancerSEA
(Yuan et al., 2019) (http://biocc.hrbmu.edu.cn/CancerSEA) is the
first dedicated database designed to comprehensively resolve the
distinct functional states of cancer cells at the single-cell level. It
provides a cancer single-cell functional state atlas encompassing
14 functional states—stemness, invasion, metastasis, proliferation,
EMT, angiogenesis, apoptosis, cell cycle, differentiation, DNA
damage, DNA repair, hypoxia, inflammation, and
quiescence—across 41,900 cancer single cells from 25 cancer
types. We downloaded these gene sets and utilized the z-score

algorithm in the R package GSVA to calculate the functional
status of the 14 gene sets, with the values for each gene set
expressed as z-scores. Pearson correlation analysis was then
employed to determine the statistical correlation of genes with
each gene-based z-score.

Genetic alteration, immunocyte infiltration
and precision therapy

We compared the different gene expression among wild type
andmutated samples in TCGA-LUAD cohort by TIMER 2.0 (http://
timer.cistrome.org/). The correlation between expression of selected
gene and other mutated genes were also calculated by Pearson
correlation analysis, and further validated in GSE26939 and
GSE72094. Correlation between selected gene and immunocyte
infiltration was also evaluated by TIMER 2.0, we also assessed
the distribution of high and low selected gene expression TCGA-
LUAD sample among six immune subtypes, including wound
healing (C1), IFN-γ dominant (C2), inflammatory (C3),
lymphocyte depleted (C4), immunologically quiet (C5), and
TGF-β dominant (C6) (Thorsson et al., 2018). The potential
response of immunotherapy and chemotherapy evaluated by
BEST (https://rookieutopia.com/) (Zaoqu et al., 2023).
IMvigor210 cohort contains 348 patients that received the
therapy of PD-L1 blockade with atezolizumab in metastatic
urothelial cancer (Mariathasan et al., 2018), the clinical
information and gene expression data can be accessed from
http://research-pub.gene.com/IMvigor210CoreBiologies/. The data
of Wolf 2021 cohort can be assessed from GSE173839.

Spatial transcriptomics and single-cell
sequencing

To observe the protein level and localization of specific gene, we
checked the Human Protein Atlas (HPA, https://www.proteinatlas.
org/) website, of which provide the picture of immunofluorescent
staining. To further explore the distribution of specific gene in LUAD,
we also employed the data from spatial transcriptomics and single-cell
sequencing. We acquired the data about samples from patients with
brain metastasis of non-small cell lung carcinoma (GSE179572)
(Sudmeier et al., 2022), to evaluate the spatial distribution of
specific gene. To accurately assess the cellular composition of each
spot on the 10x Visium slides, we employed deconvolution analysis.
This method leverages spatial transcriptomics and single-cell
transcriptomics data, with particular consideration given to the
specific cancer type. Based on the preceding deconvolution results,
we calculated the predominant cell type in each microregion and
visualized the highest cellular content in each microregion using the
SpatialDimPlot function from the Seurat package (Supplementary
Table S1). The SpatialFeaturePlot function from the Seurat package
was utilized to visualize the gene expression landscape in each
microregion. Spearman correlation analysis was performed to
calculate the correlations between cellular contents across all spots
and between cellular content and gene expression. The results were
visualized using the linkET package. The data of single-cell profiling of
advanced non-small cell lung cancer (GSE148071) (Wu et al., 2021)
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was also download for the further analysis. The analysis and
virilization of single-cell data based on TISCH2 (http://tisch.comp-
genomics.org/) (Han et al., 2023). The cell type of malignant and
alveolar was collected from the source data, while the marker genes of
immunocytes provided in Supplementary Table S2.

Statistical analyses

All the statistical analyses were performed by the R version 4.2.2.
Student’s t-test was applied to compare two groups if the data is

normally distributed for continuous data, otherwise Wilcoxon rank-
sum test will be used. For the comparison of continuous data among
more than two groups, Kruskal–Wallis test was utilized. As for
categorical data, Chi-square test and Fisher’s exact test was
conducted. Pearson correlation coefficient analysis was used to
calculate the correlation of HJURP with other types of data. The
receiver operating characteristic (ROC) area under the curve (AUC)
was performed to access the stability of prediction. To find out the
independent risk factors, univariate analysis and multivariate
analysis were performed. p < 0.05 was considered statistically
significant.

FIGURE 1
Identification of Prognostic Genes in Four Cohorts Using Univariate Cox Regression Analysis (A–D). Univariate cox regression analysis across TCGA-
LUAD (A), GSE31210 (B), GSE68465 (C), and GSE72094 (D); (E). Merged analysis of the risk genes identified across the four cohorts by Venn plot; (F). Pan-
cancer analysis of HJURP expression among tumor and normal tissues across 18 types of tumors. BLCA: Bladder Urothelial Carcinoma; BRCA: Breast
invasive carcinoma; COAD: Colon adenocarcinoma; ESCA: Esophageal carcinoma; HNSC: Head and Neck squamous cell carcinoma; KICH: Kidney
Chromophobe; KIRC: Kidney renal clear cell carcinoma; KIRP: Kidney renal papillary cell carcinoma; LIHC: Liver hepatocellular carcinoma; LUAD: Lung
adenocarcinoma; LUSC: Lung squamous cell carcinoma; PAAD: Pancreatic adenocarcinoma; PCPG: Pheochromocytoma and Paraganglioma; PRAD:
Prostate adenocarcinoma; READ: Rectum adenocarcinoma; STAD: Stomach adenocarcinoma; THCA: Thyroid carcinoma; UCEC: Uterine Corpus
Endometrial Carcinoma.
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Results

HJURP shows the prognostic value for LUAD

To identify prognostic genes, we employed univariate Cox
regression analysis in four cohorts: TCGA-LUAD, GSE31210,
GSE68465, and GSE72094. We assessed the prognostic predictive
power of all genes, applying a predefined threshold (HR > 1.5, p <
0.01). This analysis revealed 474 risk genes in the LUAD cohort
(Figure 1A), 968 risk genes in the GSE31210 cohort (Figure 1B),
121 risk genes in the GSE68465 cohort (Figure 1C), and 722 risk
genes in theGSE72094 cohort (Figure 1D). Subsequently, we performed
a merged analysis of the risk genes identified across the four cohorts by
Venn plot (Figure 1E), uncovering 19 genes consistently associated with
accelerated tumor progression. For all the 19 genes, HJURP shows the
secondary rank with its expression fold change of 3.71 compared
between tumor and normal samples, only less than KIF14, and for
the expression level, HJURP have the higher level than KIF14

(Supplementary Figure S1). 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. Subsequently pan-cancer analysis,
we also revealed that high HJURP expression in 18 types of tumors,
including LUAD (all p < 0.05, Figure 1F).

Several studies based on clinical tumor samples also confirmed
the risk of HJURP to the tumorigenesis or development of
cholangiocarcinoma (Yang et al., 2022), colorectal cancer (Kang
et al., 2020), pancreatic cancer (Wang et al., 2020), triple-negative
breast cancer (Mao et al., 2022) and hepatocellular carcinoma (Chen
et al., 2018). While HJURP has indeed been reported in other types
of cancers, its role in LUAD remains underexplored, which presents
a significant opportunity for novel discoveries. Our decision to focus
on HJURP stems from its well-documented function in maintaining
chromosomal stability through the centromeric loading of CENP-A,
a key process that is often dysregulated in various cancers, including
lung cancer.

FIGURE 2
Kaplan-Meier Survival Analysis of HJURP Gene Expression Across Different Cohorts. (A–D). Kaplan-Meier showing the prognostic value of HJURP
across TCGA-LUAD (A), GSE31210 (B), GSE68465 (C), and GSE72094 (D); (E). Meta-analysis of HJURP gene expression impact on clinical outcomes.
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We utilized Kaplan-Meier survival analysis to illustrate the
predictive power of the HJURP gene across different cohorts. In
the TCGA-LUAD cohort, patients with high HJURP expression had a
1.93-fold higher risk of overall survival (OS) death compared to those
with low HJURP expression (95% CI: 1.321–2.815, p < 0.001,
Figure 2A). In the GSE31210 cohort, the high HJURP expression
group had a 2.75-fold higher risk of OS (95% CI: 1.319–5.735, p =
0.007, Figure 2B). In the GSE68654 cohort, high HJURP expression
was associated with a 1.57-fold higher risk of OS (95% CI:
1.215–2.038, p < 0.001, Figure 2C). In the GSE72094 cohort, high
HJURP expression corresponded to a 2.2-fold higher risk of OS (95%
CI: 1.485–3.27, p < 0.001, Figure 2D).

Furthermore, we analyzed the impact of HJURP gene
expression on various clinical outcomes within the TCGA-
LUAD cohort. High HJURP expression was indicative of
poorer disease-specific survival (DSS), disease-free interval
(DFI), and progression-free interval (PFI). Through a meta-
analysis, we integrated the prognostic predictive power of
HJURP across different cohorts and found that patients with
high HJURP expression had a 1.87-fold higher risk of adverse
prognostic outcomes compared to those with low expression
(Figure 2E). These findings collectively demonstrate that high
HJURP expression is significantly associated with decreased
survival rates in multiple cohorts.

FIGURE 3
HJURP Expression Analysis Across Pan-Cancer, TCGA, and Validation Cohorts. (A) HJURP expression in TCGA-LUAD tumors and paired adjacent
normal samples; (B) Validation of HJURP expression in GSE40791 and GSE31547 cohorts; (C) HJURP expression comparing by gender subgroup in
TCGA-LUAD, GSE31210, and GSE68465 cohorts; (D)HJURP expression comparing by smoking status in TCGA-LUAD and GSE31210 cohorts; (E)HJURP
expression comparing by race in the GSE68465 cohort.
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HJURP expression is closely related to
various clinical phenotypes

In the TCGA cohort, HJURP expression was significantly
elevated in tumors, as compared between paired tumor and
adjacent normal samples (p < 0.001, Figure 3A). This finding was
further validated in the GSE40791 and GSE131547 cohorts (p <
0.001, Figure 3B). In clinical phenotype-related analyses, we found

that HJURP expression was significantly higher in male patients
compared to female patients (TCGA-LUAD: p = 0.002, GSE31210:
p < 0.001, GSE68654: p = 0.012, Figure 3C). Moreover, HJURP
expression was closely related to smoking status, with higher
expression observed in current and ever smokers with lung
cancer (TCGA-LUAD: p < 0.001, GSE31210: p < 0.001,
Figure 3D), suggesting that smoking may influence tumorigenesis
by upregulating HJURP expression. Additionally, we found that

FIGURE 4
HJURP Expression Analysis by Tumor Stage, Differentiation, and Treatment Outcome. (A) HJURP expression comparing by tumor stage in TCGA-
LUAD, GSE31210, GSE68465, and GSE72094 cohorts; (B) HJURP expression comparing by differentiation grade in TCGA-LUAD samples; (C) HJURP
expression comparing by treatment outcome in the TCGA-LUAD cohort. (D) Immunofluorescent staining picture shows that HJURP mostly localized in
the nucleoplasm and nucleoli.
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TABLE 1 Multiple Cox regression analysis for LUAD patients.

TCGA-LUAD cohort HR 95% CI p_value

Gender

Female ref.

Male 0.814 1.717–3.406 0.324

Age

<70 ref.

≥70 1.747 3.143–14.358 0.01*

Smoking

Non-Smoker ref.

Smoker 0.668 1.379–4.003 0.279

Ever Smoker 1.239 1.924–10.428 0.511

Stage

Stage I ref.

Stage II 3.523 8.322–349.787 1.20E-06*

Stage III 3.942 10.93–662.667 7.44E-08*

Stage IV 4.115 7.656–4100.615 8.18E-05*

HJURP 1.376 3.233–5.022 8.54E-05*

GSE31210 cohort HR 95% CI p_value

Age

<70 ref.

≥70 5.001 4.022–6.38E07 0.014*

Gender

Female ref.

Male 1.014 1.472–14.264 0.977

Stage

I ref.

II 3.686 6.139–1787.223 3.09E-04*

Smoking

Never ref.

Ever 1.002 1.449–14.992 0.996

Genetic alteration

ALK-fusion + ref.

EGFR mutation + 0.714 1.166–27.553 0.667

EGFR/KRAS/ALK - 1.227 1.292–358.084 0.798

KRAS mutation + 0.395 1.06–14.588 0.342

HJURP 1.385 2.749–6.655 0.042*

GSE68465 cohort HR 95% CI p_value

Age

<70 ref.

≥70 1.502 3.122–7.263 0.004*

(Continued in next column)

TABLE 1 (Continued) Multiple Cox regression analysis for LUAD patients.

GSE68465 cohort HR 95% CI p_value

Gender

Female ref.

Male 1.283 2.639–5.449 0.08

Grade

Moderate Differentiation ref.

Poorly Differentiation 0.986 2.071–3.801 0.927

Well Differentiation 1.656 2.862–13.553 0.029*

Race

Asian ref.

Black or African American 3.027 1.817–4.64E06 0.181

Others 3.025 2.059–3.16E05 0.13

White 3.618 2.382–3.53E06 0.077

T stage

T1 ref.

T2 1.137 2.305–4.701 0.414

T3 2.177 3.706–37.25 0.003*

T4 2.788 3.988–275.287 0.004*

N stage

N0 ref.

N1 2.374 5.674–25.729 6.24E-08*

N2 3.806 13.953–243.476 9.97E-13*

Margin

Negative ref.

Positive 0.995 1.547–9.706 0.991

HJURP 1.386 3.227–5.159 1.44E-04*

GSE72094 cohort HR 95% CI p_value

Age

<70 ref.

≥70 1.324 2.422–7.26 0.173

Gender

Female ref.

Male 1.818 3.394–14.933 0.003*

Stage

I ref.

II 2.066 3.547–29.127 0.004*

III 3.435 8.174–274.5 8.65E-07*

IV 2.832 3.489–612.267 0.013*

Race

Black ref.

(Continued on following page)
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Asians had higher HJURP expression compared to other ethnicities
(GSE68654: p < 0.001, Figure 3E).

HJURP expression increased with advanced tumor stage
(TCGA-LUAD: p < 0.001, GSE31210: p < 0.001, GSE68654: p =
0.012, GSE72094: p = 0.012, Figure 4A). Compared to well-
differentiated LUAD, poorly differentiated samples exhibited
significantly higher HJURP expression (p < 0.001, Figure 4B).
Additionally, we observed that patients with progressive disease
in the TCGA-LUAD cohort had the highest HJURP expression in
their tumor tissues (p = 0.036, Figure 4C). These results indicate that
HJURP is closely associated with tumor progression, with males,
smokers, and Asians being high-risk groups for HJURP-influenced
LUAD development.

In further research, we conducted multivariate Cox regression
analyses in different cohorts to eliminate confounding factors
affecting HJURP’s prediction of LUAD prognosis (Table 1). In
the TCGA-LUAD cohort, age over 70 years (p < 0.01), tumor
stage (all other stages vs Stage I: p < 0.001), and HJURP
expression (p < 0.001) were independent prognostic factors. In
the GSE31210 cohort, age (p = 0.014), tumor stage (Stage II vs
Stage I: p < 0.001), and HJURP expression (p = 0.042) were
independent prognostic factors. In the GSE68465 cohort, age
(p = 0.004), tumor grade (well vs moderate differentiation, p =
0.029), tumor T stage (T3 vs T1: p = 0.003, T4 vs T1: p = 0.004),
tumor N stage (N1 vs N0: p < 0.001, N2 vs N0: p < 0.001), and
HJURP expression (p < 0.001) were independent prognostic factors.
In the GSE72094 cohort, gender (p = 0.003), tumor stage (Stage II vs
Stage I: p = 0.004, Stage III vs Stage I: p < 0.001, Stage IV vs Stage I:
p = 0.013), and HJURP expression (p < 0.001) were independent
prognostic factors. Overall, multivariate regression analysis further
confirmed HJURP expression as a predictor of LUAD prognosis, its
high expression being a risk factor for poor prognosis.

Distribution of HJURP in tumor tissues
and cells

With the immunofluorescent staining picture provided by HPA,
we observed that HJURP mostly localized in the nucleoplasm and
nucleoli (Figure 4D), which can reflect its potential function in the
regulation of genetic alteration. Using spatial transcriptomics data,
we observed that in LUAD tumor tissues (Figure 5A), the regions of
HJURP expression (Figure 5B) correspond to tumor areas rather
than regions populated by immune cells (Figure 5C). This indicates

that HJURP is predominantly expressed in tumor cells. Additionally,
we found that HJURP expression levels positively correlate with
tumor cell density and negatively correlate with plasma cells,
macrophages, endothelial cells, and fibroblasts (Figure 5D). In
single-cell sequencing data based on lung cancer tissues, HJURP
was significantly more highly expressed in malignant cells compared
to immune cells and stromal cells (p < 0.001, Figure 5E). Specifically,
we observed that regions with high HJURP expression in single-cell
sequencing data highly overlap with regions of malignant cells
(Figures 5F,G). Among cells with positive HJURP expression,
malignant cells accounted for 80.6% (Figure 5H).

Potential functions of HJURP in LUAD
development

We calculated the expression correlation between HJURP and
over 20,000 other genes (Figure 6A). We selected the top 200 genes
with the highest expression correlation for biological function
enrichment analysis. We found that HJURP may influence DNA
metabolic processes, mitotic cell cycle processes, cell cycle phase
transitions, and the cell cycle (Figure 6B). Using the FGSEA
algorithm, we assessed the significantly different activation levels
of signaling pathways between patients with high and low HJURP
expression. In tumors of patients with high HJURP expression, cell
cycle-related pathways were significantly activated, including MYC
targets, G2M checkpoint, mitotic spindle, and E2F targets, as well as
DNA repair, unfolded protein response, and glycolysis (Figure 6C).
In further studies, we calculated the activation levels of 14 tumor
development-related signaling pathways and evaluated their
correlation with HJURP expression (Figure 6D). We found that
HJURP was significantly positively correlated with the activation of
cell cycle (R = 0.93, p < 0.001), DNA damage (R = 0.73, p < 0.001),
DNA repair (R = 0.73, p < 0.001), cell proliferation (R = 0.44, p <
0.001), hypoxia (R = 0.26, p < 0.001), invasion (R = 0.28, p < 0.001),
and metastasis (R = 0.17, p < 0.001) pathways, and showed a
negative correlation with tumor differentiation (R = −0.16, p <
0.001) and stemness (R = −0.22, p < 0.001). In summary, HJURP
may promote tumor progression in LUAD by influencing pathways
related to the cell cycle and DNA damage repair.

HJURP, genetic alteration and immunocytes
infiltration

Tumor development and progression are closely related to gene
mutations and immune cell infiltration. Mutation of HJURP gene
can alter its expression, with mutated HJURP exhibiting higher
expression levels (p = 0.094, Figure 7A). HJURP mutation are also
associated with poorer prognosis (p = 0.042, Figure 7C), likely due to
its increased expression levels. Additionally, we found that HJURP
expression is closely correlated with a series of gene mutations.
Patients with high HJURP expression showed higher mutation
frequencies in TP53, CSMD3, TTN, and MUC16 genes, while the
mutation frequency of the EGFR gene was lower (p < 0.001,
Figure 7B). These findings were validated in external cohorts,
where HJURP expression was significantly elevated in TP53-
mutated samples (all p < 0.001, Figure 7D) and decreased in

TABLE 1 (Continued) Multiple Cox regression analysis for LUAD patients.

GSE72094 cohort HR 95% CI p_value

Other 0.966 1.17–387.269 0.97

White 1.011 1.367–26.303 0.985

Smoking

1Never ref.

Ever 1.043 1.564–11.425 0.922

Missing 1.701 1.957–74.325 0.263

HJURP 1.332 3.098–4.807 6.04E-04*
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EGFR-mutated samples (p < 0.001 for GSE72094, p = 0.55 for
GSE26939, Figure 7E).

Regarding the correlation between HJURP expression and
immune cell infiltration, our analysis revealed that high HJURP
expression was significantly positively correlated with the
infiltration of CD4-positive T cells, such as Th2 and Th1 cells, as

well as M1 macrophages, while it was negatively correlated with
M2 macrophages (Figure 7F). These results suggest that high
HJURP expression may be associated with a pro-inflammatory
state in the tumor microenvironment. Further analysis of the
distribution of high and low HJURP expression groups in six
immune subtypes showed that LUAD patients with high HJURP

FIGURE 5
Spatial Transcriptomics and Single-Cell Sequencing Analysis of HJURP Expression in LUAD Tumor Tissues. (A) Spatial distribution of tumor cells in
LUAD tissues; (B) Spatial distribution of HJURP expression in LUAD tissues; (C) Spatial distribution of immune cells in LUAD tissues; (D)Correlation analysis
of HJURP expression with various cell types in LUAD tissues; (E) HJURP mRNA levels in different cell lineages in lung cancer tissues by single-cell
sequencing data; (F) UMAP visualization of HJURP expression in single-cell sequencing data; (G)UMAP visualization of different cell types in single-
cell sequencing data; (H) Proportion of cell types with positive HJURP expression in lung cancer tissues.

Frontiers in Genetics frontiersin.org10

Gao et al. 10.3389/fgene.2024.1475511

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1475511


FIGURE 6
Correlation and Functional Enrichment Analysis of HJURP Expression in LUAD. (A) Correlation between HJURP expression and over 20,000 other
genes; (B) Biological function enrichment analysis of the top 200 genes most correlated with HJURP expression; (C) Pathway activation analysis in
patients with high versus low HJURP expression using the FGSEA algorithm; (D) Correlation of HJURP expression with the activation levels of 14 tumor
development-related signaling pathways.
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expression were more likely to belong to the IFN-γ dominant (C2)
subtype (Figure 7G), which exhibited a high proliferation rate that
may override an evolving type I immune response (Thorsson et al.,
2018). HJURP expression also showed a positive correlation with
IFN-γ (R = 0.33, p < 0.001, Supplementary Figure S2).

HJURP indicates potential precision therapy
of LUAD

Based on previous research findings, we observed that HJURP
expression is positively correlated with the activation of cell

FIGURE 7
HJURP Expression, Gene Mutations, and Immune Cell Infiltration in LUAD (A) Expression of HJURP in wild-type and mutated HJURP samples; (B)
HJURP expression in TCGA-LUAD samples with mutations in various genes; (C) Survival curve comparing overall survival between mutant and wild-type
HJURP patients; (D) Validation of HJURP expression in TP53-mutated samples in GSE26339 and GSE72094 cohorts; (E) Validation of HJURP expression
in EGFR-mutated samples in GSE72094 cohort; (F)Correlation of HJURP expressionwith immune cell infiltration in LUAD; (G)Distribution of HJURP
expression groups in six immune subtypes of LUAD.
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proliferation, DNA damage repair pathways, and certain immune cell
infiltration and immune response activation. Therefore, we further
analyzed potential precision therapy strategies influenced by HJURP
expression. We examined the correlation between a series of immune
checkpoint genes and HJURP expression and found a significant
positive correlation between HJURP expression and immune
checkpoints such as PD-L1, PD-L2, IDO1, and MICB across

multiple cohorts, while the correlation with PD1 expression was less
pronounced (Figure 8A). Further analysis revealed that in patients
responding to anti-PD-L1 treatment, HJURP expression was
significantly higher compared to non-responders (IMvigor210 cohort
2018: p < 0.001, Figure 8B; Wolf cohort 2021: p = 0.0032; Figure 8C),
which was not the case for anti-PD1 treatment
(Supplementary Figure S3).

FIGURE 8
Correlation of HJURP Expression with Immune Checkpoints and Drug Sensitivity. (A) Correlation of HJURP expression with various immune
checkpoint genes across multiple cohorts; (B) HJURP expression in responders (R) and non-responders (NR) to anti-PD-L1 treatment in the
IMvigor210 cohort (2018); (C) HJURP expression in responders (R) and non-responders (NR) to anti-PD-L1 treatment in the Wolf cohort (2021); (D)
Correlation of HJURP expression with drug sensitivity in the GDSC1 database; (E) Correlation of HJURP expression with drug sensitivity in the
CTRP database.
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Regarding potential chemotherapy treatments, we identified
from the GDSC1 database that commonly used drugs such as
mitomycin, and temozolomide may be effective against tumors
with high HJURP expression (Figure 8D). Additionally, from the
CTRP database, we found that sorafenib could potentially have
therapeutic effects (Figure 8E). These three common anti-tumor
drugs already be applicated in the clinical treatment of LUAD, while
others predicted agents should be further validated.

Discussion

In this study, we identified Holliday Junction Recognition Protein
(HJURP) as a significant prognostic biomarker for lung
adenocarcinoma (LUAD). Using univariate Cox regression analysis
across four independent cohorts (TCGA-LUAD, GSE31210,
GSE68465, and GSE72094), we consistently found HJURP to be
associated with poor overall survival (OS). Kaplan-Meier survival
analysis reinforced these findings, showing significantly higher risks
of OS in patients with elevated HJURP expression in all
cohorts analyzed.

Our comprehensive analysis revealed that HJURP is not only
associated with decreased survival rates but also closely linked to
various clinical phenotypes. High HJURP expression was more
prevalent in male patients, smokers, and Asians, indicating
demographic-specific impacts. Additionally, elevated HJURP levels
were associated with advanced tumor stages and poorly
differentiated tumor samples, suggesting its role in tumor
progression. The prognostic value of HJURP was widely reported in
tumors. Yang et al. reported that HJURP was ectopically upregulated in
Cholangiocarcinoma (CCA) compared with the para-tumor tissues, the
high expression of HJURP was correlated with low overall survival rates
of including intrahepatic CCA and perihilar CCA, but not in distal
CCA(30). Kang et al. revealed that for patients with surgically resected
colorectal cancer, patients with high expression of HJURP had
significantly reduced cancer-specific survival rates compared to those
with low HJURP expression (Kang et al., 2020). In breast cancer,
HJURP expression levels are higher than in normal breast tissue.
HJURP mRNA levels are significantly associated with estrogen
receptor, progesterone receptor, Scarff-Bloom-Richardson grade, age,
and the Ki67 proliferation index. Additionally, patients with higher
HJURP levels exhibit increased sensitivity to radiotherapy (Hu et al.,
2010). Chen et al. already discussed the prognostic value of HJURP in
LUAD and its relationship with immune infiltration (Chen et al., 2022).
In our study, we have employed a more comprehensive and innovative
approach, our results not only corroborate the findings of Chen et al.,
but also provide new insights into the role of HJURP in LUAD.
Specifically, we revealed that HJURP is one of the 19 prognostic
genes from four clinical cohort from different study, and confirmed
its prognostic value amongOS, DSS, DFP and PFI. In addition, with the
data of spatial transcriptomics and single-cell sequencing, we provide
the new insight of the location of HJURP, that it’s most expressed in the
tumor malignant cells, but less in immunocytes. Meanwhile, we also
revealed that the mutation of HJURP linked with the elevated gene
expression, and resulted in the poor prognosis. For the potential
response to precis therapy, high level of HJURP might reflect the
response to anti-PD-L1 therapy. These new findings add to the
understanding of HJURP’s function in this context.

The molecular mechanisms by which HJURP influences LUAD
progression appear multifaceted. HJURP’s involvement in DNA
metabolic processes, cell cycle regulation, andmitotic processes were
highlighted by our functional enrichment analyses. Specifically,
pathways such as MYC targets, G2M checkpoint, and DNA
repair were significantly activated in tumors with high HJURP
expression. These findings align with previous reports that
underscore the role of HJURP in maintaining genomic stability
and promoting cell proliferation. The activation of HJURP appears
to play a pivotal role in the immortality of cancer cells. HJURP is
considered a potential downstream target of ataxia telangiectasia
mutated signaling, and its expression is upregulated by DNA
double-strand breaks (DSBs) (Kato et al., 2007). Furthermore,
Serafim et al. demonstrate that HJURP is recruited to DSBs
through a mechanism requiring chromatin PARylation and
promotes epigenetic alterations that facilitate DNA repair. The
incorporation of HJURP at DSBs promotes the turnover of
H3K9me3 and HP1, thereby enhancing DNA damage signaling
and DSB repair (Serafim et al., 2024). In prostate cancer, HJURP
increased the ubiquitination of cyclin-dependent kinase inhibitor
one via the GSK3β/JNK signaling pathway, decreasing its stability
and thereby promoting cell proliferation (Lai et al., 2021). Chen et al.
also reported that HJURP can promote hepatocellular carcinoma
proliferation by destabilizing p21 via the MAPK/ERK1/2 and AKT/
GSK3β signaling pathways (Chen et al., 2018).

Our study also explored the relationship between HJURP
expression and genetic alterations in LUAD. High HJURP
expression correlated with higher mutation frequencies in critical
genes like TP53, CSMD3, TTN, and MUC16, while showing a lower
frequency of EGFR mutations. These correlations suggest that
HJURP might interact with specific genetic pathways to modulate
LUAD pathogenesis. Overexpression of HJURP in senescent cells
can partially overcome cellular senescence. Conversely,
downregulation of HJURP in young cells leads to premature
senescence, while knockdown of p53 can abolish the senescence
phenotypes induced by the reduction of HJURP (Heo et al., 2013).
TP53 mutations may lead to increased TP53 expression, suggesting
that the HJURP gene and TP53 mutations might have a synergistic
effect in LUAD development and progression.

In the spatial transcriptomic analysis, we observed that HJURP
is predominantly expressed in tumor cells, with minimal expression
in immune cells, including macrophages. Further analysis of bulk
data revealed that HJURP expression does not significantly correlate
with the activation of the Inflammation pathway. Specifically, our
analysis indicated that HJURP expression is positively correlated
with M1 macrophages, as well as Th1 and Th2 cells, and also
positively correlated with M2 macrophages. However, the
correlation between HJURP and the anti-inflammatory Th2 cells
is stronger. In summary, HJURP in LUAD shows a generally low
correlation with immune cell infiltration, with its expression most
strongly associated with anti-inflammatory Th2 cells. Additionally,
we reviewed relevant literature, which consistently highlights that
high infiltration of M2 macrophages is associated with tumor
progression and poor prognosis in LUAD (Zhang et al., 2011;
Shikanai et al., 2023; Guo et al., 2019). Regarding PD-L1, the
results show that HJURP is positively correlated with PD-L1
expression across most datasets, the upregulation of PD-L1 can
protect tumors from immune cell attacks (Cui et al., 2024).
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Therefore, these patients are more suitable for anti-PD-L1 therapy
and tend to achieve favorable outcomes. Given the substantial role of
HJURP in LUAD, its potential as a therapeutic target is promising.
Our analysis indicates that HJURP expression correlates positively
with several immune checkpoint genes, including PD-L1, PD-L2,
IDO1, and MICB, which are crucial for immune evasion. This
relationship suggests that patients with high HJURP expression
might benefit from immune checkpoint inhibitors, particularly
anti-PD-L1 therapies. Additionally, our study identified several
chemotherapeutic agents, such as mitomycin-C, temozolomide
and sorafenib, of which that already be applicated in the clinical
treatment of LUAD, indicating that could be effective against high
HJURP-expressing tumors, paving the way for personalized
treatment strategies. Mitomycin-C is an antitumor antibiotic that
inhibits DNA synthesis by producing DNA cross-links which halt
cell replication and eventually cause cell death (Bradner, 2001),
temozolomide is a chemotherapy drug that works by alkylating
DNA, which damages its structure and eventually kills the cell
(Zhang et al., 2012), sorafenib blocks tumor proliferation and
growth by inhibiting the RAF/MEK/extracellular signal-regulated
kinase pathway (Hendrixson et al., 2024), these function is
consistent with our findings that higher HJURP links with
activation of DNA repair and cell cycle signaling.

Our study has several limitations that should be acknowledged.
First, although we identified HJURP as a prognostic biomarker for
LUAD across multiple independent cohorts, the heterogeneity
across the cohorts may introduce variability due to differences in
patient demographics, disease stages, and treatment histories, which
may affect the generalizability of our findings. Additionally,
selection biases could have influenced the data, as publicly
available cohorts may not fully represent the broader LUAD
population, potentially skewing results. Third, while we explored
HJURP’s role in LUAD progression and its association with immune
cell infiltration, our findings on immune modulation and
therapeutic response are based on bioinformatic predictions and
correlations. Experimental validation, particularly in vitro and in
vivo studies, is necessary to establish causal relationships and
confirm HJURP’s role in immune evasion and response to
immunotherapies. Future research should aim to address these
limitations to strengthen the clinical utility of HJURP as a
biomarker and therapeutic target in LUAD.

Conclusion

In summary, HJURP emerges as a pivotal biomarker and
potential therapeutic target in LUAD. Its high expression is
consistently associated with poor prognosis, advanced disease
stages, and specific genetic and immune profiles. Future studies
should focus on validating these findings in larger cohorts and
exploring the therapeutic efficacy of targeting HJURP in LUAD.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The studies involving humans were approved by the Affiliated
Hospital of Jiaxing University. The studies were conducted in
accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

XG: Data curation, Formal Analysis, Investigation, Validation,
Writing–original draft. YZ: Conceptualization, Data curation, Formal
Analysis, Methodology, Writing–original draft. MZ: Investigation,
Methodology, Resources, Supervision, Validation, Writing–review
and editing. YS: Funding acquisition, Methodology, Resources,
Supervision, Validation, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The
author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by National Oncology Clinical Key Speciality (2023-
GJZK-001), Key Construction Disciplines of Provincial and
Municipal Co construction of Zhejiang (NO.2023-SSGJ-002).

Acknowledgments

We would like to express our gratitude for the language editing
assistance provided by ChatGPT-4o in the preparation of this
manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2024.1475511/
full#supplementary-material

Frontiers in Genetics frontiersin.org15

Gao et al. 10.3389/fgene.2024.1475511

https://www.frontiersin.org/articles/10.3389/fgene.2024.1475511/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2024.1475511/full#supplementary-material
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1475511


References

Belli, C., Trapani, D., Viale, G., D’Amico, P., Duso, B. A., Della Vigna, P., et al. (2018).
Targeting the microenvironment in solid tumors. Cancer Treat. Rev. 65, 22–32. doi:10.
1016/j.ctrv.2018.02.004

Bradner, W. T. (2001). Mitomycin C: a clinical update. Cancer Treat. Rev. 27 (1),
35–50. doi:10.1053/ctrv.2000.0202

Bray, F., Laversanne, M., Sung, H., Ferlay, J., Siegel, R. L., Soerjomataram, I., et al.
(2024). Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 74 (3), 229–263. doi:10.
3322/caac.21834

Chen, L., Zeng, C., Yan, L., Liao, W., Zhen, C., and Yao, J. (2022). Prognostic
value of Holliday junction-recognizing protein and its correlation with immune
infiltrates in lung adenocarcinoma. Oncol. Lett. 24 (1), 232. doi:10.3892/ol.2022.
13353

Chen, T., Huang, H., Zhou, Y., Geng, L., Shen, T., Yin, S., et al. (2018). HJURP
promotes hepatocellular carcinoma proliferation by destabilizing p21 via the MAPK/
ERK1/2 and AKT/GSK3β signaling pathways. J. Exp. Clin. Cancer Res. 37 (1), 193.
doi:10.1186/s13046-018-0866-4

Chung, C. Y., Yang, J., He, J., Yang, X., Hubbard, R., and Ji, D. (2021). An investigation
into the impact of variations of ambient air pollution and meteorological factors on lung
cancer mortality in Yangtze River Delta. Sci. Total Environ. 779, 146427. doi:10.1016/j.
scitotenv.2021.146427

Colaprico, A., Silva, T. C., Olsen, C., Garofano, L., Cava, C., Garolini, D., et al. (2016).
TCGAbiolinks: an R/Bioconductor package for integrative analysis of TCGA data.
Nucleic Acids Res. 44 (8), e71. doi:10.1093/nar/gkv1507

Cui, J. W., Li, Y., Yang, Y., Yang, H. K., Dong, J. M., Xiao, Z. H., et al. (2024).
Tumor immunotherapy resistance: revealing the mechanism of PD-1/PD-L1-
mediated tumor immune escape. Biomed. Pharmacother. 171, 116203. doi:10.
1016/j.biopha.2024.116203

Guo, Z., Song, J., Hao, J., Zhao, H., Du, X., Li, E., et al. (2019). M2 macrophages
promote NSCLC metastasis by upregulating CRYAB. Cell Death Dis. 10 (6), 377. doi:10.
1038/s41419-019-1618-x

Han, Y., Wang, Y., Dong, X., Sun, D., Liu, Z., Yue, J., et al. (2023). TISCH2: expanded
datasets and new tools for single-cell transcriptome analyses of the tumor
microenvironment. Nucleic Acids Res. 51 (D1), D1425–D1431. doi:10.1093/nar/
gkac959

Hendrixson, M., Gladkiy, Y., Thyagarajan, A., and Sahu, R. P. (2024). Efficacy of
sorafenib-based therapies for non-small cell lung cancer. Med. Sci. (Basel). 12 (2), 20.
doi:10.3390/medsci12020020

Heo, J. I., Cho, J. H., and Kim, J. R. (2013). HJURP regulates cellular senescence in
human fibroblasts and endothelial cells via a p53-dependent pathway. J. Gerontol. A
Biol. Sci. Med. Sci. 68 (8), 914–925. doi:10.1093/gerona/gls257

Herbst, R. S., Morgensztern, D., and Boshoff, C. (2018). The biology and
management of non-small cell lung cancer. Nature 553 (7689), 446–454. doi:10.
1038/nature25183

Hu, Z., Huang, G., Sadanandam, A., Gu, S., Lenburg, M. E., Pai, M., et al. (2010). The
expression level of HJURP has an independent prognostic impact and predicts the
sensitivity to radiotherapy in breast cancer. Breast Cancer Res. 12 (2), R18. doi:10.1186/
bcr2487

Kaneko, S., Takasawa, K., Asada, K., Shiraishi, K., Ikawa, N., Machino, H., et al.
(2024). Mechanism of ERBB2 gene overexpression by the formation of super-enhancer
with genomic structural abnormalities in lung adenocarcinoma without clinically
actionable genetic alterations. Mol. Cancer 23 (1), 126. doi:10.1186/s12943-024-
02035-6

Kang, D. H., Woo, J., Kim, H., Kim, S. Y., Ji, S., Jaygal, G., et al. (2020). Prognostic
relevance of HJURP expression in patients with surgically resected colorectal cancer.
Int. J. Mol. Sci. 21 (21), 7928. doi:10.3390/ijms21217928

Kato, T., Sato, N., Hayama, S., Yamabuki, T., Ito, T., Miyamoto, M., et al. (2007).
Activation of Holliday junction recognizing protein involved in the chromosomal
stability and immortality of cancer cells. Cancer Res. 67 (18), 8544–8553. doi:10.1158/
0008-5472.CAN-07-1307

Kim, E. S., Hirsh, V., Mok, T., Socinski, M. A., Gervais, R., Wu, Y. L., et al. (2008).
Gefitinib versus docetaxel in previously treated non-small-cell lung cancer
(INTEREST): a randomised phase III trial. Lancet 372 (9652), 1809–1818. doi:10.
1016/S0140-6736(08)61758-4

Lahiri, A., Maji, A., Potdar, P. D., Singh, N., Parikh, P., Bisht, B., et al. (2023). Lung
cancer immunotherapy: progress, pitfalls, and promises. Mol. Cancer 22 (1), 40. doi:10.
1186/s12943-023-01740-y

Lai, W., Zhu, W., Xiao, C., Li, X., Wang, Y., Han, Y., et al. (2021). HJURP promotes
proliferation in prostate cancer cells through increasing CDKN1A degradation via the
GSK3β/JNK signaling pathway. Cell Death Dis. 12 (6), 583. doi:10.1038/s41419-021-
03870-x

Leader, A. M., Grout, J. A., Maier, B. B., Nabet, B. Y., Park, M. D., Tabachnikova, A.,
et al. (2021). Single-cell analysis of human non-small cell lung cancer lesions refines

tumor classification and patient stratification. Cancer Cell 39 (12), 1594–1609.e12.
doi:10.1016/j.ccell.2021.10.009

Lequy, E., Siemiatycki, J., de Hoogh, K., Vienneau, D., Dupuy, J. F., Gares, V., et al.
(2021). Contribution of long-term exposure to outdoor black carbon to the
carcinogenicity of air pollution: evidence regarding risk of cancer in the gazel
cohort. Environ. Health Perspect. 129 (3), 37005. doi:10.1289/EHP8719

Li, D., Shi, J., Dong, X., Liang, D., Jin, J., and He, Y. (2022). Epidemiological
characteristics and risk factors of lung adenocarcinoma: a retrospective
observational study from North China. Front. Oncol. 12, 892571. doi:10.3389/fonc.
2022.892571

Lu, X., Jiang, L., Zhang, L., Zhu, Y., Hu, W., Wang, J., et al. (2019). Immune signature-
based subtypes of cervical squamous cell carcinoma tightly associated with human
papillomavirus type 16 expression, molecular features, and clinical outcome. Neoplasia
21 (6), 591–601. doi:10.1016/j.neo.2019.04.003

Mao, M., Jia, Y., Chen, Y., Yang, J., Xu, L., Zhang, X., et al. (2022). HJURP
regulates cell proliferation and chemo-resistance via YAP1/
NDRG1 transcriptional axis in triple-negative breast cancer. Cell Death Dis. 13
(4), 396. doi:10.1038/s41419-022-04833-6

Mariathasan, S., Turley, S. J., Nickles, D., Castiglioni, A., Yuen, K., Wang, Y.,
et al. (2018). TGFβ attenuates tumour response to PD-L1 blockade by
contributing to exclusion of T cells. Nature 554 (7693), 544–548. doi:10.1038/
nature25501

Pitt, J. M., Marabelle, A., Eggermont, A., Soria, J. C., Kroemer, G., and Zitvogel, L.
(2016). Targeting the tumor microenvironment: removing obstruction to anticancer
immune responses and immunotherapy. Ann. Oncol. 27 (8), 1482–1492. doi:10.1093/
annonc/mdw168

Ruano-Ravina, A., Provencio, M., Calvo de Juan, V., Carcereny, E., Moran, T.,
Rodriguez-Abreu, D., et al. (2020). Lung cancer symptoms at diagnosis: results of a
nationwide registry study. ESMO Open 5 (6), e001021. doi:10.1136/esmoopen-2020-
001021

Saito, M., Shiraishi, K., Kunitoh, H., Takenoshita, S., Yokota, J., and Kohno, T. (2016).
Gene aberrations for precision medicine against lung adenocarcinoma. Cancer Sci. 107
(6), 713–720. doi:10.1111/cas.12941

Seki, T., Nishino, Y., Tanji, F., Maemondo, M., Takahashi, S., Sato, I., et al.
(2013). Cigarette smoking and lung cancer risk according to histologic
type in Japanese men and women. Cancer Sci. 104 (11), 1515–1522. doi:10.
1111/cas.12273

Serafim, R. B., Cardoso, C., Storti, C. B., da Silva, P., Qi, H., Parasuram, R., et al.
(2024). HJURP is recruited to double-strand break sites and facilitates DNA repair by
promoting chromatin reorganization. Oncogene 43 (11), 804–820. doi:10.1038/s41388-
024-02937-1

Shepherd, F. A., Rodrigues Pereira, J., Ciuleanu, T., Tan, E. H., Hirsh, V.,
Thongprasert, S., et al. (2005). Erlotinib in previously treated non-small-cell lung
cancer. N. Engl. J. Med. 353 (2), 123–132. doi:10.1056/NEJMoa050753

Shikanai, S., Yamada, N., Yanagawa, N., Sugai, M., Osakabe, M., Saito, H., et al.
(2023). Prognostic impact of tumor-associated macrophage-related markers in patients
with adenocarcinoma of the lung. Ann. Surg. Oncol. 30 (12), 7527–7537. doi:10.1245/
s10434-023-13384-9

Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2021). Cancer statistics, 2021.
CA Cancer J. Clin. 71 (1), 7–33. doi:10.3322/caac.21654

Sudmeier, L. J., Hoang, K. B., Nduom, E. K., Wieland, A., Neill, S. G., Schniederjan, M.
J., et al. (2022). Distinct phenotypic states and spatial distribution of CD8(+) T cell
clonotypes in human brain metastases. Cell Rep. Med. 3 (5), 100620. doi:10.1016/j.xcrm.
2022.100620

Thorsson, V., Gibbs, D. L., Brown, S. D., Wolf, D., Bortone, D. S., Ou Yang, T. H., et al.
(2018). The immune landscape of cancer. Immunity 48 (4), 812–830.e14. doi:10.1016/j.
immuni.2018.03.023

Wang, C. J., Li, X., Shi, P., Ding, H. Y., Liu, Y. P., Li, T., et al. (2020). Holliday
junction recognition protein promotes pancreatic cancer growth and metastasis
via modulation of the MDM2/p53 signaling. Cell Death Dis. 11 (5), 386. doi:10.
1038/s41419-020-2595-9

Wang, X., Guo, Y., Cai, M., Qian, Z. M., Zhang, S., Zhang, Z., et al. (2022).
Constituents of fine particulate matter and asthma in 6 low- and middle-income
countries. J. Allergy Clin. Immunol. 150 (1), 214–222.e5. doi:10.1016/j.jaci.2021.
12.779

Wu, F., Fan, J., He, Y., Xiong, A., Yu, J., Li, Y., et al. (2021). Single-cell
profiling of tumor heterogeneity and the microenvironment in advanced non-
small cell lung cancer. Nat. Commun. 12 (1), 2540. doi:10.1038/s41467-021-
22801-0

Wu, X., Denise, B. B., Zhan, F. B., and Zhang, J. (2022). Determining association
between lung cancer mortality worldwide and risk factors using fuzzy inference
modeling and random forest modeling. Int. J. Environ. Res. Public Health 19 (21),
14161. doi:10.3390/ijerph192114161

Frontiers in Genetics frontiersin.org16

Gao et al. 10.3389/fgene.2024.1475511

https://doi.org/10.1016/j.ctrv.2018.02.004
https://doi.org/10.1016/j.ctrv.2018.02.004
https://doi.org/10.1053/ctrv.2000.0202
https://doi.org/10.3322/caac.21834
https://doi.org/10.3322/caac.21834
https://doi.org/10.3892/ol.2022.13353
https://doi.org/10.3892/ol.2022.13353
https://doi.org/10.1186/s13046-018-0866-4
https://doi.org/10.1016/j.scitotenv.2021.146427
https://doi.org/10.1016/j.scitotenv.2021.146427
https://doi.org/10.1093/nar/gkv1507
https://doi.org/10.1016/j.biopha.2024.116203
https://doi.org/10.1016/j.biopha.2024.116203
https://doi.org/10.1038/s41419-019-1618-x
https://doi.org/10.1038/s41419-019-1618-x
https://doi.org/10.1093/nar/gkac959
https://doi.org/10.1093/nar/gkac959
https://doi.org/10.3390/medsci12020020
https://doi.org/10.1093/gerona/gls257
https://doi.org/10.1038/nature25183
https://doi.org/10.1038/nature25183
https://doi.org/10.1186/bcr2487
https://doi.org/10.1186/bcr2487
https://doi.org/10.1186/s12943-024-02035-6
https://doi.org/10.1186/s12943-024-02035-6
https://doi.org/10.3390/ijms21217928
https://doi.org/10.1158/0008-5472.CAN-07-1307
https://doi.org/10.1158/0008-5472.CAN-07-1307
https://doi.org/10.1016/S0140-6736(08)61758-4
https://doi.org/10.1016/S0140-6736(08)61758-4
https://doi.org/10.1186/s12943-023-01740-y
https://doi.org/10.1186/s12943-023-01740-y
https://doi.org/10.1038/s41419-021-03870-x
https://doi.org/10.1038/s41419-021-03870-x
https://doi.org/10.1016/j.ccell.2021.10.009
https://doi.org/10.1289/EHP8719
https://doi.org/10.3389/fonc.2022.892571
https://doi.org/10.3389/fonc.2022.892571
https://doi.org/10.1016/j.neo.2019.04.003
https://doi.org/10.1038/s41419-022-04833-6
https://doi.org/10.1038/nature25501
https://doi.org/10.1038/nature25501
https://doi.org/10.1093/annonc/mdw168
https://doi.org/10.1093/annonc/mdw168
https://doi.org/10.1136/esmoopen-2020-001021
https://doi.org/10.1136/esmoopen-2020-001021
https://doi.org/10.1111/cas.12941
https://doi.org/10.1111/cas.12273
https://doi.org/10.1111/cas.12273
https://doi.org/10.1038/s41388-024-02937-1
https://doi.org/10.1038/s41388-024-02937-1
https://doi.org/10.1056/NEJMoa050753
https://doi.org/10.1245/s10434-023-13384-9
https://doi.org/10.1245/s10434-023-13384-9
https://doi.org/10.3322/caac.21654
https://doi.org/10.1016/j.xcrm.2022.100620
https://doi.org/10.1016/j.xcrm.2022.100620
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1038/s41419-020-2595-9
https://doi.org/10.1038/s41419-020-2595-9
https://doi.org/10.1016/j.jaci.2021.12.779
https://doi.org/10.1016/j.jaci.2021.12.779
https://doi.org/10.1038/s41467-021-22801-0
https://doi.org/10.1038/s41467-021-22801-0
https://doi.org/10.3390/ijerph192114161
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1475511


Xia, C., Dong, X., Li, H., Cao, M., Sun, D., He, S., et al. (2022). Cancer statistics in
China and United States, 2022: profiles, trends, and determinants. Chin. Med. J. Engl.
135 (5), 584–590. doi:10.1097/CM9.0000000000002108

Yang, Y., Yuan, J., Liu, Z., Cao, W., and Liu, P. (2022). The expression, clinical
relevance, and prognostic significance of HJURP in cholangiocarcinoma. Front. Oncol.
12, 972550. doi:10.3389/fonc.2022.972550

Yuan, H., Yan, M., Zhang, G., Liu, W., Deng, C., Liao, G., et al. (2019). CancerSEA: a
cancer single-cell state atlas. Nucleic Acids Res. 47 (D1), D900-D908–D8. doi:10.1093/
nar/gky939

Zaoqu, L. L. L., Weng, S., Xu, H., Xing, Z., Ren, Y., Ge, X., et al. (2023). BEST: a
web application for comprehensive biomarker exploration on large-scale data in
solid tumors. J. Big Data 10, 165. doi:10.1186/s40537-023-00844-y

Zhang, B., Yao, G., Zhang, Y., Gao, J., Yang, B., Rao, Z., et al. (2011). M2-
polarized tumor-associated macrophages are associated with poor
prognoses resulting from accelerated lymphangiogenesis in lung
adenocarcinoma. Clin. (Sao Paulo) 66 (11), 1879–1886. doi:10.1590/s1807-
59322011001100006

Zhang, J., Stevens, M. F., and Bradshaw, T. D. (2012). Temozolomide: mechanisms of
action, repair and resistance. Curr. Mol. Pharmacol. 5 (1), 102–114. doi:10.2174/
1874467211205010102

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O.,
et al. (2019). Metascape provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat. Commun. 10 (1), 1523. doi:10.1038/s41467-019-
09234-6

Frontiers in Genetics frontiersin.org17

Gao et al. 10.3389/fgene.2024.1475511

https://doi.org/10.1097/CM9.0000000000002108
https://doi.org/10.3389/fonc.2022.972550
https://doi.org/10.1093/nar/gky939
https://doi.org/10.1093/nar/gky939
https://doi.org/10.1186/s40537-023-00844-y
https://doi.org/10.1590/s1807-59322011001100006
https://doi.org/10.1590/s1807-59322011001100006
https://doi.org/10.2174/1874467211205010102
https://doi.org/10.2174/1874467211205010102
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1475511

	Holliday junction recognition protein (HJURP) could reflect the clinical outcomes of lung adenocarcinoma patients, and impa ...
	Introduction
	Methods
	Patient summary
	Identify the pivotal prognostic gene
	Functional signaling enrichment analysis
	Genetic alteration, immunocyte infiltration and precision therapy
	Spatial transcriptomics and single-cell sequencing
	Statistical analyses

	Results
	HJURP shows the prognostic value for LUAD
	HJURP expression is closely related to various clinical phenotypes
	Distribution of HJURP in tumor tissues and cells
	Potential functions of HJURP in LUAD development
	HJURP, genetic alteration and immunocytes infiltration
	HJURP indicates potential precision therapy of LUAD

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


