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Abstract 

Recent evidence has shed light on the significant role of FANCD2 in cancer initiation, development, and progres-
sion. However, a comprehensive pan-cancer analysis of FANCD2 has been lacking. In this study, we have conducted 
a thorough investigation into the expression profiles and prognostic significance of FANCD2, as well as its correla-
tion with clinicopathological parameters and immune cell infiltration, using advanced bioinformatic techniques. The 
results demonstrate that FANCD2 is significantly upregulated in various common cancers and is associated with prog-
nosis. Notably, higher expression levels of FANCD2 are linked to poor overall survival, as indicated by Cox regression 
and Kaplan-Meier analyses. Additionally, we have observed a decrease in the methylation of FANCD2 DNA in some 
cancers, and this decrease is inversely correlated with FANCD2 expression. Genetic alterations in FANCD2 predomi-
nantly manifest as mutations, which are associated with overall survival, disease-specific survival, disease-free survival, 
and progression-free survival in certain tumor types. Moreover, FANCD2 exhibits a strong correlation with infiltrating 
cell levels, immune checkpoint genes, tumor mutation burden (TMB), and microsatellite instability (MSI). Enrichment 
analysis further highlights the potential impact of FANCD2 on Fanconi anemia (FA) pathway and cell cycle regula-
tion. Through this comprehensive pan-cancer analysis, we have gained a deeper understanding of the functions 
of FANCD2 in oncogenesis and metastasis across different types of cancer.
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Introduction
In recent years, the incidence and mortality rates of malig-
nant tumors have shown a significant increase [1, 2]. A 
study has estimated that the global economic burden of 
cancer treatment could amount to approximately $25.2 
trillion between the years 2020 and 2050 [3]. It is worth 
noting that the impact of cancer extends beyond its eco-
nomic implications, encompassing profound societal 
consequences [4, 5]. Despite remarkable advancements 
in surgical procedures, radiotherapy, adjuvant chemo-
therapy, immunotherapy, and targeted therapies that have 
revolutionized the field of cancer management, the overall 
prognosis for cancer patients remains disheartening, with 
the five-year survival rate remaining far from satisfactory 
[6–8]. Consequently, there exists an imperative to actively 
explore innovative approaches in the realms of cancer 
diagnosis and treatment. As a result, the relentless pursuit 
of novel avenues and tumor biomarkers for the purposes 
of cancer detection and intervention becomes paramount.

Fanconi anemia (FA) is an inherited disorder of DNA 
instability resulting from mutually affected mutations 
within one of the 22 FANC genes along the FA pathway, 
an intricate network intimately involved in the mending 
of DNA damage and the orchestration of stress response 
[9, 10]. FA patients exhibit a precocious manifestation of 
senescence, profound aplasia of the bone marrow, and 
an exceptionally elevated susceptibility to diverse malig-
nancies [11, 12]. The monoubiquitination of FANCD2 
plays a crucial role in its chromatin localization and the 
formation of DNA damage repair foci, serving as the piv-
otal event in the DNA repair mechanism governed by the 
FA pathway [13]. In addition to its proficiency in repair-
ing DNA damage, FANCD2 also assumes pivotal roles 
in the progression of cancer. An elevated magnitude of 
FANCD2 expression, concomitant with the unfavora-
ble prognostic outlook of patients, has been detected in 
cases of endometrial cancer [14], hepatocellular carci-
noma [15] and ovarian carcinomas [16]. However, the 
comprehensive understanding of FANCD2’s role in vari-
ous cancer types remains limited.

Recently, pan-cancer analysis has revolutionized can-
cer research by allowing the analysis of gene expression, 
regulation, prognosis, and mutations across diverse 
tumor types in a unified manner [17]. This approach 
provides valuable insights into the molecular patho-
biology of cancer and facilitates the development of 
novel directions and strategies for clinical cancer treat-
ment. Given the significance of pan-cancer analysis, the 
objective of this study was to comprehensively investi-
gate the expression of FANCD2 across multiple cancer 
types. This investigation involved searching various 
publicly available databases to assess its diagnostic, 
prognostic, and immune infiltration characteristics in 

pan-cancer cohorts. These findings serve as a founda-
tion for identifying and evaluating novel immunothera-
peutic targets associated with FANCD2 and elucidating 
the specific mechanisms underlying FANCD2’s involve-
ment in cancer progression.

Materials and methods
Gene and protein expression analysis
The expression differences of FANCD2 between nor-
mal and tumor tissues were analyzed using TIMER2.0 
(http://​timer.​cistr​ome.​org/), which is a tool based on the 
TCGA database (https://​portal.​gdc.​com). Gene expres-
sion levels were measured as log2 TPM values, and 
RNA-sequencing expression profiles (level 3) along with 
clinical information for FANCD2 were obtained from 
the TCGA dataset. The analysis was conducted using R 
version 4.0.3, and the Wilcox test was used to analyze 
the two-group data. A significance level of P < 0.05 was 
used to determine statistical significance. The study 
included 33 cancer types, which are as follows: adren-
ocortical carcinoma (ACC), bladder urothelial car-
cinoma (BLCA), breast invasive carcinoma (BRCA), 
cervical squamous cell carcinoma and endocervical 
adenocarcinoma(CESC), cholangiocarcinoma (CHOL), 
colon adenocarcinoma (COAD), lymphoid neoplasm 
diffuse large B-cell lymphoma (DLBC), esophageal 
carcinoma (ESCA), glioblastoma multiforme (GBM), 
head and neck squamous cell carcinoma (HNSC), kid-
ney chromophobe (KICH), kidney renal clear cell car-
cinoma (KIRC), kidney renal papillary cell carcinoma 
(KIRP), acute myeloid leukemia (LAML), brain lower 
grade glioma (LGG), liver hepatocellular carcinoma 
(LIHC), lung adenocarcinoma (LUAD), lung squa-
mous cell carcinoma (LUSC), mesothelioma (MESO), 
Ovarian serous cystadenocarcinoma (OV), pancreatic 
adenocarcinoma (PAAD), pheochromocytoma and par-
aganglioma (PCPG), prostate adenocarcinoma (PRAD), 
rectum adenocarcinoma(READ), sarcoma (SARC), skin 
cutaneous melanoma (SKCM), stomach adenocarci-
noma (STAD), testicular germ cell tumors (TGCT), 
thyroid carcinoma (THCA), thymoma (THYM), uterine 
corpus endometrial carcinoma (UCEC), uterine carci-
nosarcoma (UCS), uveal melanoma (UVM). The dis-
parities in overall protein expression levels of FANCD2 
between normal and tumor tissues were obtained from 
the CPTAC database via the UALCAN tool (http://​ual-
can.​path.​uab.​edu/​analy​sis-​prot.​html). We utilized UAL-
CAN to investigate the association between FANCD2 
expression and tumor staging. The immunohistochemi-
cal (IHC) images of human normal tissues and tumor 
tissues were obtained from the Human Protein Atlas 
(HPA, https://​www.​prote​inatl​as.​org/).

http://timer.cistrome.org/
https://portal.gdc.com
http://ualcan.path.uab.edu/analysis-prot.html
http://ualcan.path.uab.edu/analysis-prot.html
https://www.proteinatlas.org/
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Survival prognosis analysis
We obtained RNA-sequencing expression profiles (level 
3) and relevant clinical information for 33 different types 
of cancer from the TCGA dataset. For analysis, we uti-
lized univariate Cox regression analysis and generated a 
forest plot using the “forestplot” R package to display the 
P value, hazard ratio (HR), and 95% confidence interval 
(CI) for each variable. All the statistical analyses and R 
packages were implemented using R version 4.0.3. Unless 
mentioned otherwise, two-group data were compared 
using the Wilcox test. Significance was defined as a P 
value less than 0.05.

We utilized the Kaplan-Meier plotter (http://​www.​
kmplot.​com) to assess the relationship between FANCD2 
expression and the prognosis of cancer patients. This 
online tool allowed us to analyze the survival data and 
investigate the impact of FANCD2 expression on patient 
outcomes.

Immune infiltration and immune checkpoint analysis
We downloaded RNA-sequencing expression profiles 
(level 3) and corresponding clinical information for 33 
types of cancer from the TCGA dataset. To ensure reli-
able results in immune score evaluation, we utilized 
the immuneeconv software package. This comprehen-
sive R package integrates the latest algorithms, includ-
ing TIMER, xCell, MCP-counter, CIBERSORT, EPIC, 
and quantized, to assess immune scores. We focused on 
transcripts associated with immune checkpoints, namely 
SIGLEC15, IDO1, CD274, HAVCR2, PDCD1, CTLA4, 
LAG3, and PDCD1LG2. We extracted the expression val-
ues of these eight genes and investigated their association 
with immune checkpoint activity. All data analysis meth-
ods and R packages were implemented using R version 
4.0.3. Unless specified, comparisons between two groups 
of data were performed using the Wilcox test. A P value 
of less than 0.05 was considered statistically significant.

TMB and MSI analysis
We obtained RNA-sequencing expression profiles (level 
3) and corresponding clinical information for 33 types of 
cancer from the TCGA dataset. The calculation of tumor 
mutation burden (TMB) was based on the research arti-
cle “The Immune Landscape of Cancer” published by 
Vesteinn Thorsson et  al. in 2018 [18] while the micros-
atellite instability (MSI) data was derived from the article 
“Landscape of Microsatellite Instability Across 39 Cancer 
Types” published by Russell Bonneville et al. in 2017 [19]. 
All statistical analyses and R package implementations 
were conducted using R version 4.0.3. Unless explicitly 
specified, comparisons between two groups of data were 
performed using the Wilcox test. A P value of less than 
0.05 was considered statistically significant.

Gene enrichment analysis
We utilized the STRING tool (https://​cn.​string-​db.​org/) 
to download the top 50 proteins related to FANCD2, 
and a protein-protein interaction (PPI) network was 
constructed using Cytoscape. The top 100 genes corre-
lated with FANCD2 were obtained, and for the top five 
genes, Pearson’s correlation test was performed using 
GEPIA2. To visualize the correlations, a heatmap of the 
top five genes was generated using TIMER2.0. Addition-
ally, we identified eight genes that interacted between the 
two databases, and a Venn diagram was created using 
the Draw Venn Diagram tool (http://​bioin​forma​tics.​psb.​
ugent.​be/​webto​ols/​Venn/). To gain further insights, we 
input the combined targets from the two databases into 
R 4.3.1 software and conducted gene ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis using the “clusterProfiler” pack-
age. The criteria for significant enrichment were set as a 
P-value < 0.05 and a Q-value < 1.

Genetic alteration analysis
We applied the UALCAN tool to investigate the DNA 
methylation levels of FANCD2 across different cancer 
tissues, in comparison to their corresponding normal tis-
sues. We utilized the cBioPortal tool (http://​www.​cbiop​
ortal.​org/) to analyze the genetic variations in FANCD2. 
The alteration frequency, mutation site, and survival data 
were obtained by selecting the options “cancer types 
summary,” “mutations,” and “comparison/survival” in the 
query module.

Correlation analysis between genes and pathways
We obtained RNA-sequencing expression profiles (level 
3) and relevant clinical information for 33 cancer types 
from the TCGA dataset. To analyze the data, we utilized 
the GSVA package in R software, with the parameter set 
as method=‘ssgsea’. Spearman correlation was employed 
to assess the correlation between FANCD2 and DNA 
damage repair-pathway scores. All analyses were per-
formed using R version 4.0.3. A p-value less than 0.05 
was considered statistically significant.

Results
Pan‑cancer analysis of FANCD2 expression
The TIMER database was utilized to analyze the expres-
sion of FANCD2 in both cancerous and normal tissues. 
Our findings revealed that FANCD2 expression was 
significantly higher in tumor tissues compared to nor-
mal tissues in several datasets including BLCA, BRCA, 
CESC, CHOL, COAD, ESCA, GBM, HNSC, KICH, 
KIRC, KIRP, LIHC, LUAD, LUSC, PCPG, PRAD, READ, 
STAD, THCA, and UCEC (Fig.  1A). In addition, the 
TCGA data also confirmed a noticeable upregulation 

http://www.kmplot.com
http://www.kmplot.com
https://cn.string-db.org/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://www.cbioportal.org/
http://www.cbioportal.org/
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Fig. 1   Expression of the  FANCD2 gene in pan-cancer. A The TIMER database was used to analyze the expression of the FANCD2 gene in different 
cancers or specific cancer sub-types. B The expression distribution of the FANCD2 gene in tumor and normal tissues from TCGA. C The CPTAC 
dataset was used to analyze the protein expression level of FANCD2 in normal and primary tissues of breast cancer, RCC, UCEC, LUSC, LIHC, 
and GBM. D The IHC images of FANCD2 in normal and tumor tissues extracted from the HPA. *P < 0.05, **P < 0.01, and ***P < 0.001
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of FANCD2 mRNA expression in BLCA, BRCA, CESC, 
CHOL, COAD, ESCA, GBM, HNSC, KICH, KIRC, 
KIRP, LIHC, LUAD, LUSC, PCPG, PRAD, READ, SARC, 
STAD, THCA, and UCEC compared to normal tissues 
(Fig. 1B), supporting the findings from the TIMER data-
base. Further analysis using the CPTAC database showed 
a significant increase in FANCD2 protein expression 
in breast cancer, RCC, UCEC, LUSC, LIHC, and GBM 
(Fig. 1C). To validate the protein expression of FANCD2, 
we obtained the IHC results of FANCD2 in pan-cancer 
from the HPA database. As shown in Fig. 1D, The stain-
ing intensity of FANCD2 was higher in the nuclei of 
BRCA, LIHC, LUAD, LUSC, PAAD, and STAD cells, 
which was consistent with the results of mRNA expres-
sion level analysis of FANCD2. Overall, FANCD2 was 
highly expressed in most cancers.

Pan‑cancer analysis of the relationship between FANCD2 
expression and clinicopathology
We investigated the expression patterns of FANCD2 
in tumor tissues across various stages (I to IV) of mul-
tiple cancers using the TCGA database. Our aim was 
to explore the potential correlation between FANCD2 
expression and clinicopathological features. The results 
presented in Fig.  2 indicate that the expression of 
FANCD2 significantly increases during disease progres-
sion, starting from normal tissue and advancing to early 
malignancy and ultimately to the terminal stage, in sev-
eral cancers including BLCA, BRCA, CESC, CHOL, 
COAD, ESCA, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, 
LUSC, READ, STAD, THCA and UCEC. However, in 
some cancers such as PAAD, FANCD2 expression is con-
sistent throughout disease progression.

Pan‑cancer analysis of the prognostic value of FANCD2
We conducted Cox proportional hazards model and 
Kaplan-Meier analysis to investigate the prognostic value 
of FANCD2 across a range of cancer types. The results of 
our Cox regression analysis revealed a significant corre-
lation between FANCD2 expression and overall survival 
(OS) in 12 specific cancer types, namely ACC, KICH, 
KIRP, LGG, LIHC, LUAD, MESO, PAAD, READ, SARC, 
SKCM, and THYM (Fig.  3A). Moreover, the Kaplan-
Meier survival curves exhibited a strong association 
between increased FANCD2 expression and poorer OS 
in BRCA, KIRC, KIRP, LIHC, LUAD, OV, PAAD, PCPG, 
SARC, and UCEC, whereas no statistical differences 
existed in other tumors (Fig. 3B). These data indicate that 
the prognostic impact of FANCD2 expression is specifi-
cally associated with the type of cancer, highlighting its 
potential as a differential prognostic marker in different 
tumor contexts.

Pan‑cancer analysis of the immunological role of FANCD2
It is well recognized that immune cells play a crucial 
role in shaping the immune microenvironment and can 
have a significant impact on the prognosis of cancer 
patients [20]. In our study, we conducted a comprehen-
sive pan-cancer analysis using the TIMER database to 
investigate the association between FANCD2 expres-
sion and the infiltration of six immune-related cell 
types. As depicted in Fig.  4A, we observed a signifi-
cant correlation between FANCD2 expression and the 
abundance of infiltrating immune cells in various can-
cer types. Specifically, FANCD2 expression showed a 
significant correlation with the abundance of CD8 + T 
cells in 17 types of cancer, CD4 + T cells in 16 types 
of cancer, neutrophils in 18 types of cancer, myeloid 
dendritic cells in 14 types of cancer, macrophages in 14 
types of cancer, and B cells in 13 types of cancer. More-
over, we utilized the xCell online tool to further inves-
tigate the relationship between FANCD2 expression 
and the infiltration of different immune cell subtypes. 
Among the 38 scrutinized subsets of immune cells, 
we observed a direct correlation between FANCD2 
expression and the degree of Th2 CD4 + T-cell infil-
tration across 32 diverse cancer types. In most cases, 
FANCD2 exhibited either a positive or negative associ-
ation with the infiltration of the remaining 37 immune 
cell subsets (Fig. 4B).

Pan‑cancer analysis of the correlation between the FANCD2 
expression and immune checkpoint genes
The immune checkpoints play a critical role in main-
taining immune system balance and preventing the 
development of malignancies and autoimmune dis-
eases [21]. In our study, we investigated the relation-
ship between FANCD2 and immune checkpoints in 33 
different tumors. The results demonstrated a positive 
correlation between FANCD2 and immune checkpoints 
in most tumor tissues, including CTLA4, HAVCR2, 
LAG3, PDCD1, PDCD1LG2, SIGLEC15, TIGIT, and 
particularly CD274 (Fig.  5A). These findings suggest 
that FANCD2 could be a potential target for immune 
therapy.

The determination of tumor mutational burden 
(TMB) and microsatellite instability (MSI) status is 
crucial in predicting a patient’s prognosis and deciding 
suitable treatment options [22]. Therefore, we further 
investigated the correlations between FANCD2 expres-
sion and TMB as well as MSI. Our results showed that 
FANCD2 expression was significantly positively corre-
lated with TMB in STAD, ACC, LGG, LUAD, PAAD, 
BLCA, SARC, BRCA, LUSC, COAD, SKCM, and 
BRCA, and negatively correlated with TMB in THYM 
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(Fig.  5B). Additionally, FANCD2 expression was posi-
tively correlated with MSI in STAD, UCEC, LUSC, 
BLCA, CESC, LIHC, LUAD, and COAD, and negatively 
correlated in DLBC (Fig. 5C).

Pan‑cancer analysis of genetic alteration and DNA 
methylation of FANCD2
Cancer emerges as a consequence of genetic modifi-
cations, wherein the integrity of one or more genes is 

Fig. 2  Correlations between FANCD2 gene expression and the main pathological stages of BLCA, BRCA, CESC, CHOL, COAD, ESCA, HNSC, KICH, KIRC, 
KIRP, LIHC, LUAD, LUSC, PAAD, READ, SKCM, STAD, THCA, and UCEC based on the TCGA dataset. *P < 0.05, **P < 0.01, ***P < 0.001, ns No significance, 
and N/A not applicable
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affected. These alterations manifest in various forms, 
encompassing mutations, structural variations, amplifi-
cations, profound deletions, and multiple modification 
[23]. The cBioPortal online tool was employed to examine 

the expression status of FANCD2 across multiple can-
cer types. Our findings revealed that BLCA, UCEC, 
SKCM, ESCA, STAD, and DLBC exhibited the highest 
prevalence of FANCD2 alterations. In addition, genetic 

Fig. 3  Association between FANCD2 expression and the OS of cancer patients. A A forest plot displaying hazard ratios of FANCD2 in 33 types 
of tumors. B Kaplan-Meier survival curves illustrating the OS of patients categorized by the varying expressions of FANCD2 in BRCA, KIRC, KIRP, LIHC, 
LUAD, OV, PAAD, PCPG, SARC, and UCEC. *P < 0.05, **P < 0.01, and ***P < 0.001
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modifications in FANCD2 were primarily detected in 
the form of mutation, amplification, and deep deletion, 
as illustrated in Fig.  6A. Furthermore, we provided a 
comprehensive depiction of the specific type, location, 
and quantity of genetic alterations in FANCD2 (Fig. 6B). 
Among the 241 mutation sites spanning amino acids 0 
to 1451, we identified 179 missense mutations, 35 trun-
cating mutations, 1 inframe mutation, 19 splices, and 7 
fusion alterations. Notably, the mutation site S452L was 
the most frequently observed. In addition, we conducted 
an investigation into the association between genetic 
modifications in FANCD2 and the prognosis of UCEC by 
utilizing the cBioPortal database. The findings revealed 
that individuals with modified levels of FANCD2 dis-
played a more favorable prognosis in relation to both the 
overall and disease-specific survival, but not in disease-
free and progress-free survival, in comparison to those 
lacking FANCD2 alteration (Fig. 6C).

Defects in DNA methylation and its mediators can 
lead to genomic instability, and  the presence of imper-
fections in the process of DNA methylation and its 

intermediaries can result in genomic instability, while 
one distinguishing feature of cancer cells lies in their 
intricate DNA methylation pattern [24, 25]. By utilizing 
the UALCAN database, we conducted an analysis com-
paring the levels of methylation in the FANCD2 gene 
between both healthy and tumorous tissues. Our find-
ings revealed a marked increase in FANCD2 promoter 
methylation within ESCA, KIRC, and LUSC tumor tis-
sues when compared to their respective normal coun-
terparts. Conversely, a decrease in methylation was 
observed in UCEC (Supplementary Figure 1).

Enrichment analysis of FANCD2‑related genes
In order to further investigate the role of the FANCD2 
gene in tumorigenesis, our study aimed to identify 
FANCD2-binding proteins and FANCD2 expression-
correlated genes for pathway enrichment analyses. We 
successfully identified 50 FANCD2-binding proteins 
using the STRING tool and visualized their interac-
tion network (Fig. 7A). The expression level of FANCD2 
showed a positive correlation with genes such as RAD51 

Fig. 4  Correlation between FANCD2 expression and immune infiltration. A The correlation between FANCD2 expression and the infiltration levels 
of various immune cells in the TIMER database. B The correlation between FANCD2 expression and the infiltration levels of various immune cells 
based on xCell. *P < 0.05, **P < 0.01, and ***P < 0.001
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Fig. 5  Correlation of FANCD2 expression with pan-cancer immune checkpoints, TMB and MSI. A Correlation between FANCD2 expression 
and immune checkpoint genes in pan-cancer. B Correlation between FANCD2 expression and TMB in pan-cancer. C Correlation between FANCD2 
expression and MSI in pan-cancer. *P < 0.05, **P < 0.01, and ***P < 0.001
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Fig. 6  Genetic alteration features of FANCD2 in pan-cancer. A, B The alteration frequency with different types of mutations in the cBioportal 
database. The mutation types, sites, and case numbers of FANCD2 genetic alterations are shown below. C The effect of FANCD2 mutation status 
on overall, disease-specific, disease-free, and progression-free survival of UCEC patients was investigated using the cBioPortal database. *P < 0.05, 
**P < 0.01, and ***P < 0.001
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Fig. 7  Enrichment analysis of FANCD2-related genes. A A PPI network of the top 50 FANCD2-related proteins was constructed using STRING data 
base. B Correlations between FANCD2 expression and five specific genes (RAD51, SGOL1, TRAIP, CDC25A, and KIF15) in pan-cancer, along with the 
visualization of the corresponding heatmap data (C) using GEPIA2. D The top 100 FANCD2-correlated genes were obtained from TCGA projects 
and the interacted genes with the STRING data base were acquired. E GO and KEGG enrichment analysis of FANCD2-related genes
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(R = 0.76), SGOL1 (R = 0.76), TRAIP (R = 0.74), CDC25A 
(R = 0.74), and KIF15 (R = 0.72) (Fig.  7B). The heat map 
analysis demonstrated this positive correlation across 
various cancer types (Fig.  7C). Additionally, using the 
GEPIA2 tool, we integrated tumor expression data from 
TCGA and identified the top 100 genes significantly cor-
related with FANCD2 expression. An intersection analy-
sis revealed eight common members, including BRCA1, 
CHEK1, FANCI, MCM3, MSH2, RAD51, XRCC2, and 
UBE2T (Fig. 7D). We further conducted KEGG and GO 
enrichment analyses on the combined datasets. The GO 
enrichment analysis indicated that these genes are mainly 
involved in DNA-related pathways and cellular biology 
(Fig.  7E). The KEGG enrichment analysis highlighted 
potential pathways, such as “Fanconi anemia pathway,” 
“Cell cycle,” “Homologous recombination,” “Cellular 
senescence,” “DNA replication,” “Human T-cell leukemia 
virus 1 infection,” “Shigellosis,” “Ubiquitin-mediated pro-
teolysis,” and “P53 signaling pathway,” which may play a 
role in the tumorigenic function of FANCD2 (Fig.  7E). 
These findings provide insights into the molecular mech-
anisms of FANCD2 in tumor development.

Correlation analysis between FANCD2 expression and DDR 
pathway and G2/M checkpoint pathway
The gene enrichment results demonstrated that cell 
cycle and DNA damage repair (DDR) pathways were 
closely associated with FANCD2 tumorigenicity. There-
fore, we conducted a more detailed examination of the 
relationship between FANCD2 expression and the DDR 
pathway and G2/M checkpoint pathway. The findings 
demonstrated a significant association between FANCD2 
expression and these two pathways across various types 
of cancer. FANCD2 expression was positively correlated 
with the G2/M pathway in 33 pan-carcinomas (Fig.  8). 
In addition, FANCD2 expression was positively corre-
lated with the DDR pathway in 28 cancers, except CHOL, 
KIRC, THCA, UCS, and UVM (Fig. 9).

Discussion
As a crucial constituent of the FA pathway, the activa-
tion of FANCD2 assumes the responsibility for rectify-
ing interstrand crosslink (ICL) damage prompted by 
genotoxic stresses including ionizing radiation and DNA 
cross-linking agents, resolving DNA replication fork 
stalling, and upholding genomic stability [26]. While 
previous investigations have delineated the carcinogenic 
impact of FANCD2 in diverse solid malignancies, limited 
knowledge exists regarding its expression and function-
ality in pan-cancer. Our preceding research has unveiled 
that impeding the monoubiquitination process and the 
formation of nuclear foci of FANCD2 could heighten 
the susceptibility of non-small cell lung cancer (NSCLC) 

to cisplatin-induced DNA damage and apoptosis [27]. 
Building upon the anticipated role of FANCD2 in human 
malignancy, we have executed a comprehensive pan-can-
cer analysis aimed at characterizing the expression pro-
file of FANCD2 across diverse cancer types, while delving 
further into its prognostic potential, genetic alterations, 
association with the cancer immune microenvironment, 
and regulatory network. This endeavor seeks to foster 
an enhanced comprehension of the latent attributes of 
FANCD2 in human cancers.

Based on our investigation utilizing the TCGA datasets, 
it was observed that the levels of FANCD2 expression 
in tumor tissues were notably elevated in comparison 
to their corresponding normal tissues. This trend was 
observed in various types of cancers, including BLCA, 
BRCA, CESC, CHOL, COAD, ESCA, GBM, HNSC, 
KICH, KIRC, KIRP, LIHC, LUAD, LUSC, PCPG, PRAD, 
READ, SARC, STAD, THCA, and UCEC. Previous 
research has suggested that the amplification of FANCD2 
in esophageal squamous cell carcinoma leads to the 
emergence of a malignant nature, thereby promoting the 
progression of the tumor [28]. The heightened FANCD2 
expression has been correlated with an enlarged tumor 
size, a highly aggressive tumor phenotype, and an unfa-
vorable prognosis in cases of hepatocellular carcinoma 
[15]. Additionally, FANCD2 acts as an autonomous prog-
nostic indicator for LUAD, exhibiting considerably ele-
vated levels of expression in tumor tissues compared to 
their normal counterparts [29]. The results obtained from 
CPTAC and HPA database further substantiate our find-
ings. Additionally, we observed a significant increase in 
FANCD2 expression with the progression of the disease 
in the majority of analyzed cancers. These discoveries 
indicate the potential of utilizing FANCD2 as a diagnos-
tic marker for specific types of tumors.

In our study, Cox regression analysis and Kaplan-
Meier analysis demonstrated that high FANCD2 expres-
sion was associated with a poor prognosis in a variety 
of tumors, which was consistent with the previous stud-
ies. Research has demonstrated that FANCD2 possesses 
enhanced prognostic predicting efficacy in select malig-
nancies. For instance, FANCD2 can serve as a biomarker 
for prognosticating the likelihood of recurrence and sur-
vival in patients with nonmuscle invasive bladder cancer 
[30]. Elevated FANCD2 expression acts as an indepen-
dently unfavorable prognostic factor, exhibiting a posi-
tive correlation with tumor size and stage in spontaneous 
breast cancer [31]. These findings suggest that FANCD2 
may serve as a novel prognostic indicator in clinical 
applications.

The tumor microenvironment (TME) encom-
passes immune cells, tumor cells, and stromal micro-
environment [32]. Among these components, tumor 
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Fig. 8  Correlation between FANCD2 expression and G2/M checkpoint pathway in pan-cancer. *P < 0.05, **P < 0.01, and ***P < 0.001
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Fig. 9  Correlation between FANCD2 expression and DNA damage repair pathway in pan-cancer. *P < 0.05, **P < 0.01, and ***P < 0.001
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immune-infiltrating cells, constituting a significant por-
tion of the TME, exhibit a close association with tumor 
progression, immune checkpoint inhibition, and immu-
notherapy [33–35]. In this study, we have examined the 
correlation between the expression of FANCD2 and the 
infiltration of immune-related cells, revealing a close 
relationship between the level of immune cell infiltration 
and FANCD2 expression across various cancer types. The 
maintenance of genomic stability is vital for cell survival 
and replication, as genomic instability may instigate can-
cer development, which escalates with the accumulation 
of DNA damage [36]. Notably, the DDR pathway, linked 
to tumor cells, greatly impacts immune surveillance, 
immune response, and immunogenicity [37]. The TME 
experiences perturbations due to augmented DNA dam-
age and impaired repair [38]. Consequently, the DNA 
damage repair function of FANCD2 may contribute to 
safeguarding genomic stability by influencing immune-
infiltrating cells.

TMB has the potential to serve as a comprehensive bio-
marker across various cancers, aiding in the guidance of 
immunotherapy interventions [39]. Additionally, MSI can 
be utilized as a prognostic indicator for diverse malig-
nancies, as well as a predictive factor for chemotherapy 
response and resistance in a wide array of tumor types 
[19, 40]. It has been observed that tumors exhibiting 
elevated TMB and MSI display enhanced sensitivity to 
immunotherapy [41, 42]. Our investigation has revealed 
a significant positive correlation between FANCD2 
expression and TMB in 12 tumors, as well as between 
FANCD2 expression and MSI in 8 tumors. Furthermore, 
the expression of FANCD2 showed significant correla-
tions with various key immune checkpoint markers, 
such as CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, 
SIGLEC15, TIGIT, and CD274. These immune check-
points operate as crucial mechanisms employed by 
tumors to evade immune responses [43]. Consequently, 
blockade of immune checkpoints hinders tumor immune 
evasion [44]. Immune checkpoint inhibitors (ICI) have 
emerged as remarkably effective in current cancer immu-
notherapy. By amalgamating these findings, we posit that 
FANCD2 could serve as a novel and efficacious target for 
anti-cancer immunotherapy, complementing the use of 
chemotherapeutic agents.

GO and KEGG enrichment analysis revealed that 
FANCD2-related genes are involved in numerous poten-
tial pathways, particularly in cell cycle and DDR path-
ways. The DDR process plays a significant role in cancer 
susceptibility, progression, and response to treatment 
[45]. The FA pathway, which is activated in response to 
DNA damage, can maintain genomic stability during 
the DDR to prevent cancer [46]. Additionally, the FA 
pathway plays a critical role in cell division and helps 

protect chromosomes during mitosis [47]. In the G2/M 
phase of the cell cycle, FANCD2/FANCI protein dimers 
interconnect with sister chromatids and ensure proper 
chromosomal separation. This independent function of 
FANCD2/FANCI is a crucial checkpoint for tumor cells 
as they disproportionately depend on the G2/M check-
point to avoid mitotic disasters [48, 49]. These ground-
breaking discoveries align with previous research on 
post-translational modifications of FANCD2, such as 
phosphorylation and ubiquitination, which also partici-
pate intricately in DNA damage repair [50], regulation of 
the cell cycle [51], apoptosis [52], and chromatin remod-
eling [53]. Moreover, these modifications are closely 
associated with cellular growth, differentiation, and the 
maintenance of normal physiological functions within an 
organism.

Based on an analysis conducted using the cBioPor-
tal database, it has been observed that alterations in the 
FANCD2 gene are prevalent across various types of can-
cer. Among the 32 different cancer types examined, it 
was found that 11.92% of the BLCA population possessed 
mutations in the FANCD2 gene, representing the highest 
occurrence rate among all cancer types. This finding sug-
gests the importance of emphasizing the clinical signifi-
cance of FANCD2 gene mutations and the potential for 
targeted therapy in the context of BLCA. Furthermore, 
a comprehensive assessment was carried out to investi-
gate the relationship between FANCD2 expression levels 
and disease-specific survival or progression-free inter-
vals in cancer patients. The analysis demonstrated that, 
in general, FANCD2 could exhibit adverse effects on 
overall survival, disease-specific survival, or progression-
free intervals in some cancer cases. DNA methylation, a 
prevailing form of epigenetic alteration, governs cellular 
essence by regulating gene manifestation and genetic 
equilibrium, whilst deviant DNA methylation has the 
potential to foster carcinogenesis [54]. Through scruti-
nizing the epigenetic blueprint of FANCD2 in 33 malig-
nancies, we have unearthed that abnormal levels of DNA 
methylation could potentially precipitate atypical expres-
sion of FANCD2 within tumors. This peculiar phenome-
non may be attributed to two primary factors. Firstly, the 
overmethylation of promoter regions may instigate the 
suppression of tumor suppressor genes, thereby modu-
lating diverse regulatory proteins and enzymes. Secondly, 
in the nascent stages of cancer progression, hypometh-
ylation might facilitate genomic instability and cellular 
metamorphosis [55].

While we have examined data from various data-
bases, it is important to acknowledge certain limi-
tations in this study. Firstly, although bioinformatic 
analyses have offered valuable insights into the role 
of FANCD2 in pan-cancer, it is necessary to conduct 
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further experiments to validate these findings. Sec-
ondly, even though our study has demonstrated a cor-
relation between FANCD2 expression and immune 
activity as well as clinical survival in pan-cancer, we 
cannot definitively confirm whether FANCD2 directly 
impacts clinical survival through an immune pathway.

In conclusion, our comprehensive analysis of pan-
cancer data has shed light on the potential involvement 
of FANCD2 in a wide range of cancer types. Based on 
our findings, we propose that FANCD2 holds promise 
as a novel diagnostic biomarker and therapeutic target 
for cancers such as lung, breast, liver, and colon can-
cer, among others. Moreover, our research advances the 
understanding of the role of FANCD2 in cancer immu-
notherapy, as we have observed significant associations 
between FANCD2, immune cells, and immune check-
points. Moving forward, conducting further experi-
ments and prospective studies on FANCD2 in diverse 
cancer types can provide valuable insights into its regu-
latory mechanisms and contribute to the development 
of targeted therapeutic strategies.
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