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Abstract
Background  Despite various treatment strategies, the incidence and mortality of pancreatic cancer (PC) are among 
the highest for malignant tumors. Furthermore, there is a lack of effective molecular typing and targeted therapy to 
treat PC subtypes.

Methods  Multiplex immunofluorescence experiments were performed to explore the roles of FAM111B, FANCD2, 
KRAS and TP53 in human PC tissues. Kaplan-Meier survival curves were generated and a nomogram was prepared for 
prognostic prediction. Protein correlations were analyzed using human PC tissues and TCGA and GEO data. Pathways 
analysis, immunoanalysis, and drug susceptibility analysis were performed based on information in the TCGA 
database.

Results  Our results indicate that expression of FAM111B and FANCD2 is correlated in human PC tissues and 
comprises a dual expression signature with predictive value for the prognosis of PC. Using information in public 
databases, we confirmed the oncogenic relevance of FAM111B and FANCD2 in PC and identified a positive correlation 
between FAM111B, FANCD2, TP53 and KRAS.FAM111B and FANCD2 jointly regulate ferroptosis, mitotic nuclear 
division, and nuclear division pathways. Both proteins were demonstrated to be positively correlated with markers 
of CD4 + Th2 cells and PD-L1 in the tumor microenvironment. Furthermore, drug sensitivity analysis suggested that 
patients with high FAM111B or FANCD2 expression were highly sensitive to chemotherapeutic and targeted drugs, 
indicating that these proteins may serve as predictors of treatment efficacy.

Conclusion  Elevated dual expression of FAM111B and FANCD2 is indicative of poor prognosis, alters the immune 
microenvironment, and exhibits sensitivity to certain therapeutic agents. Consequently, the high FAM111B/FANCD2 
expression subtype may represent a novel and distinct phenotype of PC.
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Introduction
Pancreatic cancer (PC) is the tenth most common malig-
nant tumor but the fourth most common cause of mor-
tality [1]. As a result of insidious early symptoms, the 
majority of patients present with advanced disease at 
the time of diagnosis [2–4]. Despite various treatments 
like surgery, radiotherapy, chemotherapy, targeted ther-
apy, and immunotherapy, PC’s overall treatment success 
is still inadequate. Recurrence after radical surgery is 
around 80% [5, 6], with a five-year survival rate of only 
16–21% [7], combined treatments extend median sur-
vival to 28–54 months [7–9], and these treatments often 
cause adverse effects [10–12]. Moreover, there are no 
effective precision treatment methods based on molecu-
lar typing for PC [13]. Therefore, more effective and less 
toxic treatment strategies are urgently needed for new 
molecular typing.

FAM111B (family with sequence similarity 111 mem-
ber B), which plays an important role in carcinogenesis, 
is also referred to as “Cancer-Associated Nucleoprotein”. 
Studies have demonstrated that FAM111B is overex-
pressed in breast, lung, ovarian and pancreatic cancers 
and is associated with the poor patient prognosis [14–17]. 
FANCD2 (fanconi anemia complementation group D2), 
a negative regulator of ferroptosis, accelerates the malig-
nant progression of various tumors such as ovarian can-
cer, lung adenocarcinoma and hepatocellular carcinoma 
[18–20]. While studies have revealed that FAM111B and 
FANCD2 each are associated with the poor prognosis of 
PC [17, 21], there is a lack of research linking FAM111B 
to FANCD2 in the carcinogenicity of PC.

In this study, we sought to obtain a comprehensive 
insight into how FAM111B and FANCD2 collaboratively 
contribute to the carcinogenesis of PC. Multiplex immu-
nofluorescence experiments of tumor tissue microarrays 
(TMA) confirmed that high expression of both FAM111B 
and FANCD2 is positively correlated with poor progno-
sis for PC patients. Bioinformatic analysis verified these 
findings and identified relevant FAM111B and FANCD2-
associated genes and pathways, indicating a novel poten-
tial strategy for therapeutic targeting of PC. Our findings 
suggest that FAM111B and FANCD2 together may func-
tion as a novel prognostic factor and biomarker of thera-
peutic efficacy in PC, which define a distinct targetable 
phenotype of PC.

Materials and methods
PC tissues
The TMA (HPanA180Su10) was acquired from Shang-
hai Outdo Biotech Co.Ltd and contained 90 human PC 
tissue samples with clinicopathologic features and sur-
vival information. Due to off-target data in multicolor 
immunofluorescence experiments, 83 samples were used 
in the final analysis. The samples included pathological 

tissue specimens from patients diagnosed with PC and 
were resected by Whipple’s procedure from 2014-01-06 
to 2018-12-24 [22]. Among the 83 samples, there were 
78 cases of pancreatic ductal adenocarcinoma (PDAC), 2 
cases of adeno-squamous carcinoma, 1 case of ampullary 
adenocarcinoma (pancreaticobiliary type), 1 case of high-
grade intraductal papillary mucinous neoplasm with 
pancreatic ductal adenocarcinoma and 1 case of adeno-
carcinoma. Clinical information is provided in Supple-
mentary Table 1. The median patient follow-up time was 
22 months, with a range of 0-105 months.

Multiplex Immunofluorescence assay
Paraffin-embedded tissue sections were deparaffinized 
using a solution with fresh xylene and gradient etha-
nol and then rinsed with sterilized water. Subsequently, 
the slides were placed in a microwave oven for antigen 
repair, and a drop of sealing solution was added to cover 
the sample area. The slides were incubated with anti-
bodies against FAM111B (Novus, NBP1-86645, USA), 
FANCD2 (Immunoway, YT1675, USA), KRAS (Novus, 
NBP2-45536, USA), or TP53 (Immunoway, YT3528, 
USA). Staining and amplification of fluorescent signals 
were performed using the multiplex fluorescent immu-
nohistochemical staining reagent PANO 7-plex IHC 
kit, (cat 0004100100, Panovue, Beijing, China). Finally, 
DAPI working solution was added dropwise, and cov-
erslips were sealed using nail polish. Objective lenses 
VS200MTL (Olympus Germany) and UPLXAPO20X 
(Olympus Germany) were used for panoramic scanning 
of the stained tissue slices. Multidimensional quantita-
tive pathology analysis of multicolor fluorescent images 
was performed according to five data analysis dimen-
sions (area, cell count, density, ratio and H score) using 
QuPath v0.3.0 software and constructed with TUMOR, 
STROMA algorithms. The area referred to the area of 
fluorescence signal of the proteins; the cell count referred 
to the number of positive cells (cells positive for specific 
protein fluorescence expression); the density was the 
number of positive cells divided by tissue area (mm²); 
the ratio was the number of positive cells divided by total 
number of cells; and the H score referred to the immu-
nofluorescence histochemistry score, using the following 
formula: [(intensity of 1 + cell positive rate) * 1 + (inten-
sity of 2 + cell positive rate) * 2 + (intensity of 3 + cell posi-
tive rate) x 3] * 100. The H score assigns greater weight 
to cells with higher intensity, thereby incorporating the 
intensity factor into the calculation of the positive level. 
This score was derived by multiplying the staining inten-
sity (ranging from 1 to 3) by the percentage of the stained 
area (ranging from 1 to 100%).
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Survival analysis on TMA
Survival analysis of FAM111B and FANCD2 was per-
formed according to the immunohistochemical fluo-
rescence quantification results with the R software 
“ggsurvplot” package. Kaplan-Meier survival curves 
were plotted by dividing the samples into high and low 
groups, using the best cutoff method. The “surv cutpoint” 
function from the “survminer” package in R software 
was employed to calculate the cutoff value. The cutoff of 
FAM111B in the dimensions of area, cell count, density, 
H score, and ratio were 0.197, 1533, 1424.594, 26.289, 
and 0.257, respectively; and the cutoff of FANCD2 in 
the dimensions of area, cell count, density, H score, and 
ratio were 0.016, 85, 127.242, 2.326, and 0.023, respec-
tively. Expression values less than or equal to the above 
cutoffs were categorized as the low expression group 
and those greater than the cutoffs as the high expression 
group. Multi-group survival analysis for FAM111B and 
FANCD2 was generated by COX regression using Graph-
pad 8.0.2.

Nomogram construction
Univariate cox regression analysis was performed by 
combining FAM111B and FANCD2 with clinical char-
acteristics in PC. According to the results of the analy-
sis, variables indicative of prognosis were automatically 
enrolled for nomogram construction, which was created 
by the “rms” R package. The nomogram provided graphi-
cal results for these variables in individual patients to 
predict 1-year, 2-year, and 2.5-year survival, providing a 
model to guide clinical patient prognosis.

Public database acquisition and analysis
A total of 336 PC tissues and 406 paraneoplastic or nor-
mal pancreatic tissues were available in the public data-
base. Clinical information is provided in Supplementary 
Table 1. The mRNA gene expression data and the clini-
copathologic parameters of 179 PC samples and 332 
normal pancreatic samples were downloaded from the 
cancer genome atlas (TCGA: ​h​t​t​p​​s​:​/​​/​p​o​r​​t​a​​l​.​g​​d​c​.​​c​a​n​c​​e​r​​.​g​o​
v) and Genotype-Tissue Expression (GTEx: ​h​t​t​p​​s​:​/​​/​w​w​w​​
.​g​​t​e​x​​p​o​r​​t​a​l​.​​o​r​​g​/​h​o​m​e​/) databases. The RNA-sequencing 
data and survival times of 69 PC samples and 61 adja-
cent pancreatic samples were downloaded from the Gene 
Expression Omnibus GSE62452 dataset; RNA-sequenc-
ing data were also accessed from 118 PC samples and 13 
adjacent pancreatic samples in the GSE62165 dataset (​h​t​t​
p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​g​e​o​/). The LOGpc online tool 
(https://bioinfo.henu.edu.cn/) was used for the screening 
of PC samples in TCGA and GEO datasets, based on sur-
vival curves with gene expression median value grouping. 
The FAM111B or FANCD2 expression level was cat-
egorized into high and low groups based on the median 
expression level.

Transcriptomic analysis
To clarify the prognostic value of FAM111B or FANCD2 
expression in PC, we performed Kaplan-Meier survival 
analysis using an online platform (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​​
r​m​a​t​​i​c​​s​.​c​o​m​.​c​n) for data analysis and visualization. The 
“timeROC” package of R software was used to generate 
receiver operating characteristic (ROC) curves to assess 
the prognostic validity of the model. The somatic muta-
tion oncoplot was generated using the “maftools” pack-
age in R software for exploring genes mutations in PC 
patients. Gene expression plots in patients with TP53 
mutations or KRAS mutations were generated using the 
online analysis tool TIMER 2.0 ​(​​​h​t​t​p​:​/​/​t​i​m​e​r​.​c​i​s​t​r​o​m​e​.​o​r​
g​/​​​​​)​.​​

Ferroptosis pathway analysis
To explore the relationship between FAM111B and the 
ferroptosis pathway, 24 ferroptosis-related geneswere 
analyzed [23]. A heatmap was generated using the R soft-
ware “ggplot2” and “pheatmap” packages. Ferroptosis-
related genes were analyzed for consistency using the R 
package “Consensus Cluster Plus”. The number of clusters 
was 2, and the genes were categorized into high and low 
expression groups for survival analysis. Moreover, analy-
sis of the correlation between FAM111B and the pathway 
scores was performed using the R software “GSVA” pack-
age, applying the ssGSEA algorithm.

Enrichment analysis of downstream genes
Volcano maps were generated by the “enhanced volcano” 
R package to display differentially expressed genes. To 
explore the signaling pathways involved with FAM111B 
and FANCD2, sets of genes were collected that were ele-
vated in both the FAM111B and FANCD2 high expres-
sion groups for GO (gene-ontology) and KEGG (kyoto 
encyclopedia of genes and genomes) enrichment analysis 
with the R software “Cluster Profiler” package.

Immunoanalysis
To explore the role of FAM111B in the PC immune 
microenvironment, we applied the immunedeconv R 
package XCELL algorithm for immune scoring accord-
ing to TCGA database. The ggplot2 and pheatmap R 
packages were further used to generate an immune cell 
distributiongraph, immune cell scoring heatmaps and 
percentage abundance heatmaps of immune cell infiltra-
tion. The mRNA expression levels of the immune check-
point-related genes SIGLEC15, TIGIT, PD-L1, HAVCR2, 
PDCD1, CTLA4, LAG3 and PDCD1LG2 were also 
extracted for expression difference analysis and immuno-
therapy evaluation.

https://portal.gdc.cancer.gov
https://portal.gdc.cancer.gov
https://www.gtexportal.org/home/
https://www.gtexportal.org/home/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://bioinfo.henu.edu.cn/
https://www.bioinformatics.com.cn
https://www.bioinformatics.com.cn
http://timer.cistrome.org/
http://timer.cistrome.org/
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Drug susceptibility analysis
The sensitivity to chemotherapy and targeted therapy 
were predicted for all PC samples through the pharma-
cogenomics database Genomics of Drug Sensitivity in 
Cancer (GDSC: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​c​​a​n​c​e​r​r​x​g​e​n​e​.​o​r​g​/) using 
the “pRRophetic” R package. Each samples’ half-maximal 
inhibitory concentration (IC50) was estimated by ridge 
regression.

Statistical analysis
Statistical analysis was performed by the Wilcoxon’s rank 
sum test for two groups and Kruskal-Wallis one-way 
ANOVA for comparing differences among three or more 
groups using R software v4.0.3 (R Foundation for Statis-
tical Computing, Vienna, Austria). Log-rank statistical 
tests were applied to compare survival curves between 
two groups. Cox regression analysis was utilized for eval-
uating multiple survival curves. Gene correlation analysis 
was performed using the Spearman algorithm. Results 
were considered statistically significant when the P-value 
was less than 0.05. The asterisks (*) stands for the signifi-
cance of the p-value, *P < 0.05, **P < 0.01,***P < 0.001.

Results
FAM111B and FANCD2 are over expressed in PC and 
predict poor patient prognosis
To evaluate whether FAM111B and FANCD2 may serve 
as biomarkers for PC, we conducted multiplex immu-
nofluorescence experiments, based on five data analysis 
dimensions (area, cell count, density, H score, and ratio), 
on 83 patients with PC. The co-expression immunofluo-
rescence images for FAM111B and FANCD2 are pre-
sented in Fig.  1A. According to the results, FAM111B 
and FANCD2 were positively correlated in each of the 
five dimensions (Fig. 1B-F, all P < 0.05), and this conclu-
sion remained consistent in the subgroup analysis of 78 
PDAC cases (Supplementary Fig.  1A-E, all P < 0.05). In 
patients with a survival duration of less than 45 months, 
OS was significantly reduced in those exhibiting high 
expression levels of FAM111B and FANCD2 compared 
to those with low expression levels (Fig. 2A-J, all P < 0.05). 
This trend was similarly observed in a cohort of 78 PDAC 
cases (Supplementary Fig.  1F-O, all P < 0.05). The TMA 
analyzed includes patients who underwent adjuvant 
therapy, which was found to influence OS (Supplemen-
tary Fig.  2A; Supplementary Fig.  2B, P < 0.05). Further-
more, among patients who underwent surgical treatment 
without subsequent adjuvant therapy, elevated expres-
sion of FAM111B and FANCD2 was also correlated with 
decreased OS (Supplementary Fig.  3A-J, all P < 0.05).
Significantly, combining survival analyses demonstrated 
that patients with double high expression of FAM111B 
and FANCD2 had the shortest OS, while patients with 
double low expression had the longest OS (Fig.  2K-O, 

all P < 0.05). These results suggest that FAM111B and 
FANCD2 both contribute to the poor prognosis of PC 
patients.

For additional prognostic evidence, we conducted uni-
variate COX regression analysis according to clinical data 
from 54 patients. FAM111B, FANCD2, grade (G3 vs. G2), 
tumor size, CA125 and CA199 were found to indepen-
dently predict the prognosis of PC (Fig. 3A, all P < 0.05). 
A calculated hazard ratio exceeding 1 was considered 
an adverse prognostic factor and was therefore incor-
porated into the nomogram building using FAM111B 
(HR = 3.098), FANCD2 (HR = 2.652), and tumor size 
(HR = 1.177) factors. To develop a clinically applicable 
method for predicting the probability of patient survival, 
we constructed a predictive model for 1-year, 2-year and 
2.5-year survival (Fig.  3B). The total points were com-
bined for each variable on a scale of 0-240, with higher 
totals indicating worse patient prognosis. To assess the 
validity of nomogram plot, we further built a calibra-
tion curve, in which the dashed line indicates a reference 
for determining how closely the predicted probability 
matches the observed probability. The calibration curves 
indicate an estimation of 1-year, 2-year and 2.5-year 
OS for the nomogram plot with favorable performance 
(Fig. 3C).

To further extend our findings, we utilized publicly 
available databases to confirm that high expression of 
FAM111B and FANCD2 is indicative of an unfavor-
able prognosis in PC patients. FAM111B and FANCD2 
expression was verified to be significantly overexpressed 
in 366 PC patients compared to paracancerous or normal 
tissues based on TCGA and GEO datasets (all P < 0.0001) 
(Fig.  4A-F). Furthermore, FAM111B was found to be 
positively correlated with FANCD2 among 37 of 39 
tumors in the TCGA database (Fig.  4G), including PC 
in TCGA(R = 0.567, P < 0.001), as well as in GSE62452 
(R = 0.748, P < 0.001) and GSE62165 (R = 0.603, P < 0.001) 
datasets from GEO database (Fig.  4H-J). Kaplan-Meier 
survival plots demonstrated that high FAM111B and 
FANCD2 expression was associated with shorter OS (all 
P < 0.05) (Fig.  5A-D). Additionally, in timeROC analy-
sis, the AUCs of three-year survival from the TCGA and 
GEO datasets were 0.74 and 0.81for FAM111B; and 0.72 
and 0.84for FANCD2, respectively (Fig. 5E-H), thus veri-
fying the predictive potential of FAM111B and FANCD2 
expression. Spearman correlation analysis further dem-
onstrated that FAM111B and FANCD2 were positively 
associated with the stemness index based on mRNA 
expression (mRNAsi [24] (R = 0.18, P = 0.013; R = 0.21, 
P = 0.005) (Fig.  5I, J). Moreover, the Kruskal-Wallis test 
confirmed that the expression of FAM111B and FANCD2 
were significantly correlated with pathological grade 
(both P < 0.0001) (Fig.  5K, L). These results suggest that 

https://www.cancerrxgene.org/


Page 5 of 17Wei et al. Cancer Cell International          (2025) 25:185 

Fig. 1  FAM111B expression positively correlates with FANCD2 expression in human PC tissues. A Representative images of FAM111B and FANCD2 in PC 
and para-carcinoma. B-F FAM111B positively correlates with FANCD2 in five dimensions: area, cell count, density, H score, and ratio
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FAM111B and FANCD2 are associated with malignant 
pathological features and poor prognosis of PC.

FAM111B and FANCD2 are correlated with TP53 and KRAS 
in PC
To explore a potential correlation of FAM111B and 
FANCD2 with the mutation status of PC, we performed 
mutation analysis of samples from the TCGA database. 
KRAS and TP53 mutations occurred in 77% and 64% in 
PC patients, respectively (Fig. 6A). Moreover, FAM111B 
and FANCD2 were highly expressed in both KRAS- and 
TP53-mutated patients (Fig.  6B-E, all P < 0.05). Correla-
tion analysis demonstrated that FANCD2 and FAM111B 
each were positively associated with TP53 and KRAS 
(all P < 0.001, Fig.  6F-I). Co-expression immunofluo-
rescence assays confirmed these results (Figs.  7 and 8). 
Furthermore, the positive correlation of FANCD2 and 
FAM111B with TP53 and KRAS was evidenced in the 
analysis of each of the five parameter dimensions: area, 
cell count, density, H score, and ratio (Figs. 7 and 8 and 
B-K, both P < 0.05). The same conclusion was drawn in 
the subgroup analysis of 78 PDAC cases (Supplementary 
Fig. 4A-T, all P < 0.05). These results are consistent with 
the possibility that FAM111B and FANCD2 might play 
roles in TP53 and KRAS mutant PC.

FAM111B and FANCD2 are collaboratively involved in 
signaling pathways in PC
To explore the biological processes and pathways asso-
ciated with FAM111B and FANCD2 expression, we 
performed differential expression analysis from TCGA 
database. Volcano plots suggested that 39 genes were 

up-regulated in both FAM111B and FANCD2 high 
expression groups (Fig.  9A-C). GO enrichment analysis 
demonstrated that these genes were enriched in mitotic 
nuclear division, nuclear division, and organelle fission 
pathways (Fig.  9D). Furthermore, KEGG enrichment 
analysis demonstrated that FAM111B and FANCD2 
were jointly involved in a variety of regulatory pathways, 
including the ECM-receptor interaction, focal adhesion 
and PI3K-Akt signaling pathway (Fig.  9E). Notably, the 
expression of FAM111B was positively correlated with 
the majority of ferroptosis pathway molecules (Fig.  9F). 
According to consensus clustering analysis, when the 
clustering variable (k) was set to 2, 179 PC patients could 
be divided into two clusters (Fig. 9G), with the ferropto-
sis pathway molecules expressed significantly higher in 
cluster 1 than 2 (Fig. 9H). Kaplan-Meier survival curves 
revealed shorter OS in cluster 1(P = 0.0016) compared to 
cluster 2 (Fig.  9I). Correlation analysis further verified 
that FAM111B expression was associated with the fer-
roptosis regulatory pathway and the cellular response to 
hypoxia pathway, and was inversely associated with the 
oxidative phosphorylation and fatty acid degradation 
pathways in PC (Fig. 9J-M, all P < 0.05).

FAM111B and FANCD2 expression is associated with a 
favorable tumor immune microenvironment
The tumor microenvironment, including immune cells, 
stromal cells, and cytokines, plays an important role in 
tumor development, metastasis, recurrence and treat-
ment response [25]. From the TCGA database, we 
analyzed the correlation between the expression of 
FAM111B or FANCD2 and the tumor microenvironment 

Fig. 2  Survival curves for patients expressing high or low FAM111B and FANCD2. A-E Survival curves for FAM111B in five dimensions. F-J Survival curves 
for FANCD2 in five dimensions. K-O Multiplex survival curves based on FAM111B and FANCD2
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using the XCEL algorithm. The results suggest that 
the level of immune cell infiltration is different in the 
high and low FAM111B or FANCD2 expression groups 
(Fig. 10A-B). Specifically, CD4 + Th2 cells were positively 
correlated, while hematopoietic stem cells and stromal 
scores were negatively correlated with FAM111B and 
FANCD2 expression (Fig. 10C-E; F-H, all P < 0.05). Nota-
bly, the immune checkpoint molecule PD-L1 was highly 
expressed in the FAM111B and FANCD2 high expres-
sion groups (Fig. 10I-J both P < 0.05). Finally, correlation 
analysis demonstrated that both FAM111B and FANCD2 
were positively correlated with PD-L1, based on the 
TCGA, GSE62452 and GSE62165 datasets (Fig.  10K-M; 
N-P, all P < 0.05). Therefore, these results suggest that 
expression of FAM111B and FANCD2 is associated with 
immune cell infiltration and upregulation of PD-L1, 
which could potentially be indicative of the improved 

therapeutic efficacy of PD-1 or PD-L1 immune check-
point inhibitors in PC.

FAM111B and FANCD2 improve therapeutic 
responsiveness in PC
To predict the association of FAM111B and FANCD2 
expression with responsiveness to chemotherapy and 
molecular targeted therapy, we used the half-maximal 
inhibitory concentration (IC50) in the GDSC database 
to estimate the chemotherapy response among 179 PC 
patients. The results demonstrate that patients with 
higher expression of FAM111B or FANCD2 required 
lower IC50 for gemcitabine, 5-fluorouracil, pacli-
taxel, gefitinib, sunitinib and sorafenib (all P < 0.05) 
(Fig.  11A-F). These results suggest that patients with 
high FAM111B and FANCD2 expression may be more 

Fig. 3  Clinical nomogram based on FAM111B and FANCD2 expression. A Univariate regression analysis between FAM111B, FANCD2, and clinical factors. 
B Prognosis predictive model. C Calibration curve for overall survival according to the nomogram model
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sensitive to chemotherapy, indicating that these proteins 
may serve as novel predictors of therapeutic efficacy.

Discussion
Current research suggests that FAM111B and FANCD2 
may have oncogenic roles in various cancers, includ-
ing ovarian, liver, lung, and breast cancers [26, 27]. Our 

study is the first to link FAM111B to FANCD2, showing 
that the two proteins jointly play a significant role in the 
malignant process of PC. We confirmed the correlation 
between FAM111B and FANCD2 as a dual signature 
that predicts patient prognosis. Furthermore, our bioin-
formatics analysis suggests that FAM111B and FANCD2 
regulate the ferroptosis pathway and alter the immune 

Fig. 4  Analysis of the correlation between FAM111B or FANCD2 in samples from the TCGA and GEO databases. A-F Expression distribution plots for 
FAM111B and FANCD2 in TCGA, GSE62452, and GSE62165. G Correlation analysis of FAM111B and FANCD2 expression in 39 pan-cancers. H-J Association 
between FAM111B and FANCD2 in TCGA, GSE62452, and GSE62165
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microenvironment. Additionally, high expression of these 
proteins may increase the sensitivity of chemotherapy 
and targeted drugs, potentially serving as predictors of 
treatment effectiveness.

Our finding that FAM111B and FANCD2 expression is 
associated with ferroptosis is consistent with the results 
of previous studies. Ferroptosisis a type of cell death 
caused by an excess of ferric ions leading to oxidative 
stress and lipid peroxidation, ultimately destroying the 
cell membrane [28, 29]. FANCD2, an inhibitor of ferrop-
tosis, suppresses lipid peroxidation and reduces ferric ion 
accumulation, contributing to the enhanced resistance of 
tumor cells to oxidative stress [28, 30]. Our study demon-
strates for the first time that FAM111B is positively cor-
related with FANCD2. Elevated levels of reactive oxygen 
species generated during ferroptosis have been demon-
strated to trigger the formation of covalent DNA-protein 
cross-links within the nucleus, whereas the FAM111 pro-
tein family facilitates hydrolysis, thereby preserving DNA 
integrity [31]. Our results indicate that FAM111B expres-
sion is also associated with cellular oxidative response, 
raising the possibility that FAM111B and FANCD2 may 
collaboratively participate in the regulation of ferroptosis 

through the modulation of intracellular ferric ions or 
lipid peroxidation.

Our observations indicate that the upregulation of 
FAM111B and FANCD2 is associated with mutations 
in TP53 and KRAS in PC. Previous studies have dem-
onstrated that the inhibition of FAM111B or FANCD2 
leads to increased arrest in the G0/G1 and G2/M phases 
of the cell cycle in cancer cells, thereby impacting TP53 
and KRAS pathways [32–34]. Specifically, in KRAS-
mutant lung adenocarcinoma (LUAD) cells, the silenc-
ing of FAM111B impedes the G0/G1 phase transition 
and cell proliferation [14]. In hepatocellular carcinoma 
(HCC) and LUAD cells, the silencing of FAM111B results 
in increased arrest in the G0/G1 or G2/M phases, respec-
tively, and which activated the TP53 pathway [32, 33]. 
Additionally, in osteosarcoma, the inhibition of FANCD2 
promotes TP53 phosphorylation and G1 phase arrest 
[34]. These findings suggest that FAM111B and FANCD2 
may facilitate cancer cell proliferation by promoting cell 
cycle transitions through the activation of the TP53 path-
way, particularly in cancers with KRAS mutations.

Notably, mutations in KRAS and TP53 are observed 
in 77% and 64% of cases, respectively. This study pro-
poses that linking FAM111B and FANCD2 with KRAS 

Fig. 5  Analysis of FAM111B or FANCD2 expression and patient prognosis according to TCGA and GEO databases. A-D Kaplan Meier survival curves ac-
cording to FAM111B and FANCD2 expression for patients in the TCGA and GSE62452 databases. E-H TimeROC curves according to FAM111B and FANCD2 
expression for patients in the TCGA and GSE62452 databases. I-J Association between FAM111B or FANCD2 expression and mRNAsi in TCGA. K-L Associa-
tion between FAM111B or FANCD2 expression and the pathological grade in TCGA
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and TP53 mutations may present viable treatment 
options, suggesting that therapies targeting FAM111B 
and FANCD2, in combination with KRAS inhibitors or 
TP53 antagonists, could offer novel insights into molecu-
larly targeted therapy for PC. Furthermore, the observed 
positive correlation between FAM111B/FANCD2 over-
expression and PDL-1 expression indicates the potential 
efficacy of PD-1 and PDL-1 inhibitors. Additionally, che-
motherapeutic agents such as gemcitabine and 5-fluoro-
uracil, which may demonstrate increased sensitivity in 
this subtype, warrant further investigation. Over the next 
five years, it is anticipated that the dual overexpression 
of FAM111B and FANCD2 in PC will be employed for 

preliminary prognosis prediction and to inform the selec-
tion of targeted treatment strategies.

Importantly, we demonstrated that FAM111B and 
FANCD2 may have predictive value for the prognosis 
of patients with a survival of less than 45 months. We 
selected 45 months as a threshold because clinical stud-
ies on adjuvant chemotherapy after surgery have revealed 
that the median survival time in the GX group (gem-
citabine and capecitabine), the MFOLFIRINOX group 
(oxaliplatin, irinotecan, and leucovorin), and the AG 
group (gemcitabine and albumin-bound paclitaxel) com-
pared to the G group (gemcitabine monotherapy), were 
28 months VS. 25 months [7], 54 months VS. 35 months 

Fig. 6  Mutation analysis of FANCD2 and FAM111B in PC based on TCGA database. A Mutational analysis of FANCD2 in PC. B-E Expression of FANCD2 or 
FAM111B in PC patients with TP53 and KRAS mutants. F Association between FANCD2 and TP53. G Association between FANCD2 and KRAS. H Association 
between FAM111B and TP53. I Association between FAM111B and KRAS
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Fig. 7  FANCD2 positively correlates with TP53 and KRAS in human PC tissues. A Representative images of FANCD2, TP53 and KRAS are shown for PC and 
para-carcinoma tissues. B-K FANCD2 positively correlates with TP53 and KRAS in five dimensions
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Fig. 8  FAM111B positively correlates with TP53 and KRAS in human PC tissues. A Representative images of FAM111B, TP53 and KRAS are shown for PC 
and para-carcinoma tissues. B-K FAM111B positively correlates with TP53 and KRAS in five dimensions
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Fig. 9  Signaling pathways associated with FAM111B and FANCD2 expression in PC. A Volcano graph of FAM111B expression in PC. B Volcano graph 
of FANCD2 expression in PC. C Venn diagram of upregulated genes in FAM111B and FANCD2 high expression patients. D GO enrichment analysis of 
genes upregulated in FAM111B- and FANCD2-high patients. E KEGG enrichment analysis of genes upregulated in FAM111B- and FANCD2-high patients. 
F Heatmap of ferroptosis genes among PC patients with low and high FAM111B expression. G Consensus clustering matrix (k = 2) of associated genes. 
H: Heatmap of groups with low (Group 1) and high (Group 2) expression of ferroptosis genes. I Kaplan-Meier survival analysis for Groups 1 and 2. J-M 
Association of FAM111B expression with the Ferroptosis pathway, Oxidative phosphorylation pathway, Cellular response to hypoxia pathway, and Fatty 
acid degradation pathway
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[9], and 42 months VS. 37 months [8], respectively. 
Therefore, 45 months reflects a median survival time of 
the majority of PC patients after surgery. Additionally, 
our survival prediction model also showed that the pre-
diction power of FAM111B/FANCD2 is optimal within 
two and a half years, which is consistent with more signif-
icant prediction value for patients with shorter survival.

We also demonstrated that FAM111B and FANCD2 
play a synergistic role in the regulation of the PC immune 
microenvironment, given that their expression is posi-
tively correlated with the immune checkpoint protein 
PD-L1. Our previous research also revealed a positive 
correlation between FAM111B and PD-L1 in ovarian 
cancer [16]. Ferroptosis-inducing agents and immune 
checkpoint blockers have been shown to have a syner-
gistic therapeutic effect in a GBM mouse model [35] 
and to effectively inhibit the proliferation of HCC cells 
[36]. Therefore, we speculate that the combination of 
ferroptosis inducers and immunotherapy may provide 
an effective strategy for patients with high FAM111B 
and FANCD2 expression. Our results suggest that the 
FAM111B/FANCD2 high expression group was more 
sensitive than the FAM111B/FANCD2 low expression 
group to gemcitabine, 5-fluorouracil, paclitaxel, gefitinib, 

sunitinib and sorafenib. Consistently, another study dem-
onstrated that PC patients with high FANCD2 expression 
are more sensitive to 5-fluorouracil and sorafenib [21]. 
Sorafenib induces cells to trigger ferroptosis by inhibiting 
the P62-Keap1-Nrf2 signaling pathway [37], which may 
partially explain the latter results. Given that gefitinib is 
an EGFR inhibitor, we postulate that patients with high 
FAM111B expression may have elevated EGFR expres-
sion levels, rendering them responsive to EGFR inhibi-
tors. This hypothesis is further supported by the positive 
correlation between FAM111B and EGFR identified in 
our team’s previous study on ovarian cancer [16].

This study is subject to two primary limitations. First, 
technical constraints limited our ability to perform 
immunofluorescence exclusively on TMA samples, 
thereby precluding genotyping. Furthermore, the absence 
of specific mutation site data for KRAS and TP53 in the 
TCGA database impeded additional genotyping analyses. 
Second, the conclusions are based solely on results from 
TMA and bioinformatics analyses. In future research, we 
intend to substantiate our findings through a combina-
tion of in vitro and in vivo experiments.

Fig. 10  Evaluation of the association of FAM111B and FANCD2 with the tumor immune microenvironment. A-B Heat maps of immune cell marker genes 
in samples with low or high FAM111B and FANCD2 expression. C-E Correlation between FAM111B expression and the expression of CD4 + Th2 cell genes, 
hematopoietic stem cell genes and stroma scores. F-H Correlation between FANCD2 expression and the expression of CD4 + Th2 cell genes, hemato-
poietic stem cell genes and stroma scores. I-J Scatter plots of immune checkpoint gene expression in samples with low or high FAM111B and FANCD2 
expression. K-M Correlation between FAM111B and PD-L1 expression in TCGA, GSE62452 and GSE62165 datasets. N-P Correlation between FANCD2 and 
PD-L1 expression in TCGA, GSE62452 and GSE62165 datasets
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Conclusion
In conclusion, PC lacks effective molecular typing and 
precision treatment strategies for molecular subtypes. 
Consequently, the greatest contribution of our research is 

perhaps the creation of a new molecular typing method 
for PC, which could be a simple and effective prognos-
tic approach. Double high expression of FAM111B and 
FANCD2 defines distinct biological characteristics, 

Fig. 11  Efficacy analysis of therapeutic drugs for FAM111B and FANCD2 in PC. The IC50 value of FAM111B in samples from patients treated with A Gem-
citabine, B 5-Fluorouracil, C Paclitaxel. The IC50 value of FANCD2 in samples from patients treated with D Gemcitabine, E 5-Fluorouracil, F Paclitaxel. The 
IC50 value of FAM111B in samples from patients treated with G Gefitinib, H Sunitinib, I Sorafenib. The IC50 value of FANCD2 in samples from patients 
treated with J Gefitinib, K Sunitinib, L Sorafenib
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including poorer prognosis, heightened aggressive-
ness, altered immune microenvironment, and enhanced 
responsiveness to specific drugs. Our research provides 
insights into a novel molecular subtyping strategy, as well 
as a potential precision treatment approach for PC.
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