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Abstract

Background: Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy with a high incidence of thrombosis. Coagulation factor
3 (F3) plays a key role in initiating the coagulation pathway. This study identified cell subpopulations that highly express F3 and explored
their potential roles in PDAC.Methods: This study evaluated 1837 patients with PDAC from two cancer hospitals between November
1, 2023, and November 30, 2024. The analyses included assessing coagulation and fibrinolysis indicators, and employing single-cell
sequencing technology to examine the tumor microenvironment in freshly resected PDAC tissues. Findings were validated using the
Gene Expression Omnibus database. Results: Over half of the patients (54.98%) with PDAC showed abnormal coagulation indicators.
F3 mRNA and protein levels were higher in PDAC tissues than in normal tissues. This high F3 expression in PDAC was associated
with a poor prognosis (p < 0.01). Analysis of 33,300 cells from freshly resected PDAC tissues showed high F3 expression in cancer-
associated fibroblasts (CAFs) and ductal cells. Subsequent subtype analysis indicated that ductal cell 1 (tumor cells) and inflammatory
CAFs (iCAFs) exhibited high F3 expression. Pseudotime trajectory analysis showed that iCAFs were prevalent in the earlier part of the
pseudotime pathway. Notably, pathways associated with inflammation, phosphoinositide 3-kinase/Akt signaling, and coagulation and
complement were significantly enriched in iCAFs. In addition, the interaction between iCAFs and tumor cells was regulated by growth
factor receptor–ligand pairings. “GSE212966” and “GSE197177” data confirmed these results. Conclusion: The high expression of
F3 in specific iCAF subtypes suggests a role in PDAC hypercoagulability and tumor progression. Targeting these iCAF subtypes could
provide potential strategies for treating PDAC.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a lethal
malignant tumor that is often diagnosed at an advanced
stage. The 5-year survival rate is only 5% to 10% [1–3].
Currently, there is no effective treatment, and only 15% to
20% of patients with PDAC diagnosed early are candidates
for surgery [4]. Patients with cancer are often at increased
risk of thrombosis, which significantly contributes to their
mortality [5,6]. While the incidence of thromboembolism
varies across different cancer types, pancreatic tumors are
particularly associated with a high incidence [7]. A recent
population-based cohort study found that the incidence of
venous thromboembolism during the initial 6 months post-
diagnosis in the pancreatic cancer cohort was 15.6% [8].
However, the mechanisms of thrombosis in pancreatic tu-

mors are complex and have not been fully elucidated. Tis-
sue factor (TF), also known as coagulation factor 3 (F3),
is a primary initiator of the coagulation pathway. Conse-
quently, F3 is also a key factor in inducing a hypercoagu-
lable state and thrombosis [9]. However, according to pre-
vious reports, F3 plays a role in tumor progression. Previ-
ous studies showed that under pathological conditions, F3
is overexpressed in tumor cells, which can negatively af-
fect patient prognosis through various biological processes
such as thrombosis, angiogenesis, proliferation, invasion,
and metastasis [10,11]. Moreover, under pathological con-
ditions, F3 is also involved in the tumor microenvironment
(TME) [10]. Emerging evidence suggests that coagulation
is closely related to the TME [12].

The TME is composed of multiple cell types [13].
Among them, there are large numbers of non-malignant
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mesenchymal cells in the PDAC TME, which support tu-
mor cells [14]. Among these mesenchymal cells, cancer-
associated fibroblasts (CAFs) play a significant role in the
proliferation and migration of tumor cells [15–17]. In ad-
dition, it has been reported that CAFs may play a role
in tumor-associated thrombosis [18]. Recent studies have
highlighted the diverse nature of CAFs, revealing their het-
erogeneity in order to enhance therapeutic targeting of the
TME [4,14]. Werba et al. [4] utilized single-cell RNA
sequencing to identify two different subtypes of CAFs in
the PDAC TME: myofibroblastic CAFs (mCAFs) and in-
flammatory CAFs (iCAFs). iCAFs primarily secrete cy-
tokines and chemokines, while mCAFs are key players in
extracellular matrix (ECM) regulation and collagen depo-
sition [4,14]. However, the precise role of CAFs in tumor-
associated thrombosis remains unclear, and the relationship
between CAFs and F3 remains undefined.

In this study, we analyzed different coagulation mark-
ers in patients with PDAC and utilized single-cell sequenc-
ing to map the PDAC landscape, identifying cell subpop-
ulations with high F3 expression and their potential role in
hypercoagulability and tumor progression. In addition, data
from a public database were used to confirm our results.

2. Methods
2.1 Samples

This study evaluated 1837 patients with pancreatic
adenocarcinoma from the National Clinical Research Cen-
ter for Cancer (n = 1567) and Shanxi Province Cancer Hos-
pital (n = 270) between November 1, 2023 and Novem-
ber 30, 2024. The inclusion criteria were patients with a
confirmed histopathological diagnosis of PDAC, no cur-
rent anticoagulant use, and no surgical intervention in the
last month. Patients were excluded if they had coagulation
dysfunction, were receiving anticoagulant therapy, had in-
complete basic information, or were pregnant or lactating.

Blood coagulation and fibrinolysis indicators were de-
tected in these patients. Measurements of activated par-
tial thromboplastin time (APTT), prothrombin time (PT),
fibrinogen (FIB), fibrin/fibrinogen degradation products,
(FDP) and D-dimer were performed using an automated
coagulation analyzer (ACL TOP 750; Werfen, Barcelona,
Spain).

Three tissue samples from three patients with pancre-
atic adenocarcinoma were collected in this study. Each pa-
tient underwent surgical resection at Shanxi Cancer Hospi-
tal. Subsequent pathological diagnosis revealed PDAC in
the three patients. All human samples used in this research
received ethical approval from ethics committees.

2.2 Single-cell Preparation and Single Cell
V(D)J-sequencing Library

PDAC tissue samples were washed in cryogenic
phosphate-buffered saline (Hyclone, Logan, UT, USA)
and dissociated using the SeekMate Tissue Dissociation

Reagent Kit A Pro (K01801301, SeekGene, Beijing, China)
in accordance with the manufacturer’s instructions. Af-
ter removing red blood cells, the Fluorescence Cell Ana-
lyzer Countstar® Rigel S2 (Ruiyu Biotechnology Co., Ltd.,
Shanghai, China) was used to estimate the cell count and
survival rate. Then those fragments and dead cells were
cleared. These fresh cells were washed with RPMI 1640
medium (Gibco, Carlsbad, CA, USA) and resuspended
in RPMI 1640 supplemented with 2% fetal bovine serum
(Gibco) at a density of 1 × 106 cells/mL.

A 5′ library preparation kit (No.K00501, SeekGene,
Beijing, China) and V(D)J enrichment kit (human T-cell
receptor) (No. K00601, SeekGene, Beijing, China) were
used to construct the libraries. First, the cells and reverse
transcription reagents were mixed and then added to the
sample wells on the Chips. Second, the partitioning oil
and gel beads were respectively added to these wells. Af-
ter the formation of emulsion droplets, reverse transcription
was performed at 42 °C for 90 min and inactivation was
performed at 85 °C for 5 min. Third, the purified cDNA
was amplified in this above reaction system. The cDNA
product amplified from 5′ cDNA was enriched for V(D)J
amplification. Finally, the indexed PCR amplification was
carried out on these samples to amplify the 5′ portion of
these expressed genes containing unique molecular identi-
fiers (UMIs) and cell barcodes. The indexed sequencing li-
braries were cleaned and analyzed. Finally, sequencing was
performed on the NovaSeq 6000 Sequencing System (Illu-
mina, San Diego, CA, USA) with paired-end read length of
150 base pairs. In this study, all cell lines were validated by
STR and tested negative for mycoplasma.

2.3 Single-cell RNA Sequencing

Fastp was used to remove low-quality bases and
primer sequences from these original data. Then these se-
quence data were analyzed using SeekOne®Tools (Seek-
Gene, Beijing, China). Seurat (version 4.0.0) was applied
to omit these low-quality cells (gene numbers <200 or
>5000). Mean absolute deviation, variance, and the princi-
ples of normal distribution in single-cell RNA sequencing
analysis are a strategy to identify and potentially exclude
cells whose gene expression profiles are disproportionately
influenced by mitochondrial genes (Supplementary Fig.
1). Then the remaining sequence was further analyzed. All
these sequence data were analyzed using SeekOne®Tools
(SeekGene, Beijing, China) (https://seeksoul.online/index.
html#/).

2.4 Clustering and Cell Type Identification

The NormalizeData function from Seurat (version
4.0.0) was used to normalize each cell. The FindVariable-
Genes function was used to calculate the variable genes.
The FindIntegrationAnchors and IntegrateData functions
were applied to combine all libraries together, and the
ScaleData function was applied to regress out UMIs. Prin-
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cipal component analysis and uniform manifold approxi-
mation and projection were applied to reduce the dimen-
sions. These cells were clustered by the 20 dims at a resolu-
tion of 0.8. Then the FindAllMarkers function was applied
to determine cluster-specific genes. These selected marker
genes exhibited expression in at least 10% of cells and at a
minimum logFC of 0.25.

The level of copy number variation (CNV) was es-
timated using the inferCNV R package. Ductal epithelial
cells (excluding endocrine cells) were considered to be the
putative tumor epithelial cell dataset. Immunocytes served
as the reference group. Denoised CNV profiles, excluding
those from sex chromosomes, were used to estimate and
identify malignant cells.

2.5 Enrichment Analysis and Pseudotime Analysis
Gene Ontology and Kyoto Encyclopedia of Genes and

Genomes (KEGG) were used to perform biological process
and pathway enrichment analysis using the clusterProfiler
R package. Gene set variation analysis (GSVA) was per-
formed on hallmark pathways obtained in the Molecular
Signatures Database (version 7.0, https://www.gsea-msigd
b.org/gsea/msigdb), and GSVA scores were obtained by the
R package GSVA (version 1.34).

The lineage differentiation was evaluated by Monocle
2 (version 2.3.6, https://bioconductor.org/packages/release/
bioc/html/monocle.html). Then the original data were con-
verted into CellDataSet through the import CDS function,
and genes for pseudotime ordering were selected using the
dispersionTable function.

2.6 Single-cell Regulatory Network Inference and
Clustering Analysis and Cell–cell Interaction Analysis

The transcription factors and their downstream motif
target genes were calculated using the single-cell regula-
tory network inference and clustering (SCENIC) computa-
tional method; then the activity levels of these transcrip-
tion factor regulons were quantified within each cell. The
pySCENIC was run with its default parameters. The Cell-
PhoneDB tool was employed to analyze ligand–receptor in-
teractions in different cell types. In one cell type, specific
interactions identified by ligand–receptor expression were
present in more than 10% of the cells. Paired comparisons
were further made among these included cell types. Then
we selected for biologically relevant interactions.

2.7 Publicly Available Data
Single-cell sequencing data from the GSE212966 and

GSE197177 profile were downloaded from the Gene Ex-
pression Omnibus (GEO) database (https://www.ncbi.nlm
.nih.gov/geo/) for verification purposes. Coagulation fac-
tor mRNA expression profiles in pancreatic adenocarci-
noma and normal tissues from The Cancer Genome Atlas
(TCGA) database (https://www.cancer.gov/ccg/research/
genome-sequencing/tcga) and genotype-tissue expression
(GTE) database (https://www.gencodegenes.org/) were ac-

cessed using the gene expression profiling interactive anal-
ysis (GEPIA) database (http://gepia.cancer-pku.cn/). Co-
agulation factor protein expression profiles in pancreatic
adenocarcinoma and normal tissues from the clinical pro-
teomic tumor analysis consortium (CPTAC) database (http
s://proteomics.cancer.gov/data-portal) were analyzed using
the University of ALabama at Birmingham CANcer (UAL-
CAN) data analysis portal (https://ualcan.path.uab.edu).

2.8 Immunohistochemistry

Paraffin-embedded specimens were sectioned at a
thickness of 3 µm. The sections were placed in a constant
temperature wax box at 60 °C for 10–15 minutes and then
cooled in a refrigerator at 4 °C. The sections were incubated
with Tissue Factor/CD142 Recombinant antibody (1:600;
83776-4-RR; Proteintech,Wuhan, China) at 4 °C overnight,
then incubated with horseradish peroxidase-labeled goat
anti-mouse secondary antibody (1:600; No.760-700; Roche
Diagnostics Products, Shanghai, China) at 37 °C for
30 minutes, and then stained with 3,3′-diaminobenzidine
(DAB, Roche Diagnostics Products, Shanghai, China) at
room temperature for 2 minutes. Staining was performed
using an automatic immunohistochemical platform (Bench-
Mark ULTRA, Roche Diagnostics Products, Shanghai,
China). Then, gradient alcohol dehydration, xylene clear-
ing, and neutral gum mounting were performed. Finally,
the results were observed under an optical microscope
(OLYMPUS BX41, Olympus Corporation, Shinjuku City,
Japan). Negative (–): no color reaction; Positive (+): the
cells were stained tan or brown.

2.9 Statistical Analyses

Data were checked for normality. For normally dis-
tributed continuous data, the results are presented as the
mean and standard deviation (SD); otherwise, the median
(M) and interquartile range are reported. The t-test was used
for statistical comparisons of normally distributed data,
whereas the Mann-Whitney U test was applied to data with
asymmetrical distributions. The survival rates were esti-
mated using the Kaplan-Meier method and compared us-
ing the log-rank test. The hazard ratio (HR) and its 95%
confidence intervals (CIs) were calculated using Cox pro-
portional hazards regression models. All statistical analy-
ses were conducted using SPSS software (version 23.0; IBS
SPSS Statistics, Armonk, NY, USA). p < 0.01 (two-sided)
was considered statistically significant.

3. Results
3.1 Abnormal Coagulation Indicators in Pancreatic
Adenocarcinoma

A total of 1837 patients with pancreatic adenocar-
cinoma were included in this study, of whom more than
half (54.98%) showed abnormal coagulation indicators (Ta-
ble 1). Among the 1567 patients with pancreatic adeno-
carcinoma from the National Clinical Research Center for
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Table 1. Patient characteristics.
Group 1 (n = 1567) Group 2 (n = 270) p-value

Coagulation indicators
Normal (n%) 720 (45.95%) 107 (39.63%)

0.053
Abnormal (n%) 847 (54.05%) 163 (60.37%)

Gender
Male (n%) 904 (57.69%) 157 (58.15%)

0.836
Female (n%) 663 (42.31%) 113 (41.85%)

Age (year) 62 (54, 69) 62.5 (57, 68) 0.268
Group 1: Patients with pancreatic adenocarcinoma from National Clinical Re-
search Center for Cancer. Group 2: Patients with pancreatic adenocarcinoma
from Shanxi Province Cancer Hospital. The chi-square test was used to com-
pare the coagulation indicators and gender between the two groups. Median (M)
and quartile ranges from the lower quartile Q1 to the upper quartile Q3 (Q1–Q3)
were used in age. Statistical comparisons were tested with Mann-Whitney U
test. p < 0.01 (two-sided) was considered statistically significant.

Cancer, 54.05% showed abnormal coagulation indicators.
Among the 270 patients with pancreatic adenocarcinoma
from Shanxi Province Cancer Hospital, 60.37% showed ab-
normal coagulation indicators. There was no significant
difference in the number of patients with abnormal coag-
ulation indicators (p = 0.053), or in age and sex (p = 0.268
and p = 0.836, respectively) between the two groups of pa-
tients (Table 1).

The coagulation factors in the mRNA expression pro-
files between 179 pancreatic adenocarcinoma tissues and
171 normal pancreatic tissues from TCGA database and
GTE databasewere analyzed (Supplementary Fig. 2). The
results showed that the mRNA expression levels of F3, F5,
F10, and F12 were higher in pancreatic adenocarcinoma tis-
sues than in normal pancreatic tissues (p < 0.01; Fig. 1A–
D). Then we analyzed the protein expression levels of F3,
F5, F10, and F12 between pancreatic adenocarcinoma tis-
sues (n = 74) and normal pancreatic tissues (n = 137) using
the CPTAC database, and found that the levels of F3, F5,
and F12 were higher in pancreatic adenocarcinoma tissues
than in normal pancreatic tissues (p < 0.01; Fig. 1E,F,H
and Supplementary Table 1). However, there was no sig-
nificant difference in F10 protein expression between pan-
creatic adenocarcinoma and normal pancreatic tissues (p >
0.01; Fig. 1G). Survival analysis indicated that high F3 ex-
pression in pancreatic adenocarcinoma tissues was associ-
ated with a poor prognosis (p < 0.01; Fig. 1I–K).

3.2 Complex Landscape of PDAC Revealed by Single-cell
Analysis

Information on the three patients is shown in Sup-
plementary Table 2. These tissues were processed and
dissociated into single-cell suspensions, which then were
used for single-cell sequencing. After the strict quality con-
trol and standardized analysis, we obtained transcriptome
profile data. A total of 33,300 cells were analyzed, and
13 distinct cell clusters annotated by gene expression pro-
files were displayed (Fig. 2A). These clusters included fi-

broblasts (collagen, type I, alpha 1 [COL1A1] and lumi-
can [LUM]), T cells (cluster of differentiation 3 epsilon
[CD3E] and CD2), ductal cells (keratin 19 [KRT19] and
trefoil factor 1 [TFF1]), macrophages (CD68 and CD14), B
cells (membrane spanning 4-domains A1 [MS4A1] and B
cell scaffold protein with ankyrin repeats 1[BANK1]), neu-
trophils (S100A8 andG0/G1 switch 2 [G0S2]), stellate cells
(adipogenesis regulatory factor [ADIRF] and chromosome
11 open reading frame 96 [C11orf96]), endothelial cells
(platelet endothelial cell adhesionmolecule [PECAM1] and
Von Willebrand factor [VWF]), plasma cells (joining chain
of multimeric IgA and IgM [JCHAIN]) and immunoglobu-
lin kappa constant [IGKC]), mast cells (tryptase alpha-1 and
tryptase beta-1 [TPSAB1] and tryptase beta-2 [TPSB2]),
acinar cells (protease serine 1 [PRSS1] and regenerat-
ing gene 1 alpha [REG1A]), Schwann cell (cadherin-19
[CDH19] and neurexin [NRXN1]), and beta cells (propro-
tein convertase subtilisin/kexin type 1 inhibitor [PCSK1N]
and chromogranin B [CHGB]) (Fig. 2B). Fig. 2C shows that
ductal cells (34.64%), fibroblasts (23.34%), macrophages
(14.56%), and T cells (11.81%) were the dominant cell pop-
ulations. The proportion of each cell type differed across
patients (Fig. 2D), likely reflecting interpatient heterogene-
ity. To further verify the distribution of tumor cells in the
entire ductal cell population, gene copy numbers were ana-
lyzed using InferCNV software. When using macrophages
as a reference, the tumor cells within ductal cells exhibited
substantial CNVs (Fig. 3A–C). Fibroblasts express well-
known fibroblast-related markers such as LUM, COL1A1,
DCN (decorin), and SFRP2 (secreted frizzled-related pro-
tein 2) (Fig. 2B).We named these fibroblasts CAFs. Fig. 2G
shows that F3 expression was elevated in both CAFs (n =
7417 cells) and ductal cells (n = 11,008 cells).

In addition, we conducted independent validation
from the GEO data. Patients with PDAC from the
GSE212966 dataset showed ductal cells (18.50%), fi-
broblasts (19.83%), macrophages (9.89%), and T cells
(33.09%) (Fig. 2F). Patients with PDAC from the
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Fig. 1. The expression and the survival analysis of coagulation factors in pancreatic adenocarcinoma tissues. (A–D) The mRNA
expression levels of F3, F5, F10, and F12 between PAAD tissues and normal pancreatic tissues. The expression data are first log2 (TPM
+ 1) transformed for differential analysis on the Y-axis. (E–H) Protein expression levels of F3, F5, F10, and F12 between PAAD tissues
and normal pancreatic tissues. Z-values represent standard deviations from the median across samples for the given cancer type. Log2
Spectral count ratio values from CPTAC data were first normalized within each sample profile, then normalized across samples. (I–K)
The relationship between the expression of F3, F5, F12 and survival outcomes of patients with PAAD. Statistical significance was defined
as * p < 0.01. PAAD, pancreatic adenocarcinoma; F3, coagulation factor 3.

GSE197177 dataset showed ductal cells (26.06%), fibrob-
lasts (11.53%), macrophages (9.54%), and T cells (38.52%)
(Supplementary Fig. 3A). These four cell types ac-
counted for a relatively high percentage of all cell types.
Meanwhile, within a single patient, the proportion of each
cell type exhibited heterogeneity (Fig. 2E, Supplementary
Fig. 3B). CAFs and ductal cells also showed enriched
expression of F3 in these patients with PDAC from the

GSE212966 dataset and GSE197177 dataset (Fig. 2H, Sup-
plementary Fig. 3C).

3.3 Cell Subpopulations With High Expression of
Coagulation Factor 3 in PDAC

Ductal cells from these three patients with PDACwere
isolated and subjected to cluster analysis to detect some
fine differences. The t-distributed stochastic neighbor em-
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Fig. 2. Single-cell analysis reveals the complex landscape of PDAC. (A) UMAP showed 13 distinct cell clusters. (B) Bubble plot
showing selected cell type-specific markers across all clusters. Size of dots indicated the fraction of cells expressing selected markers,
and intensity of color indicated the mean expression level. (C) The proportion of each cell type in all three PDAC patients. (D) The
proportion of each cell type in each PDAC patients. (E) The proportion of each cell type in each PDAC patients from “GSE212966”.
(F) The proportion of each cell type in all 6 PDAC patients from “GSE212966”. (G) The enriched expression of F3 in UMAP. (H)
The F3 expression in UMAP from “GSE212966”. UMAP, Uniform Manifold Approximation and Projection; PDAC, pancreatic ductal
adenocarcinoma; F3, coagulation factor 3.

bedding (t-SNE) plots revealed three distinct subclusters of
ductal cells (Fig. 3D,G). As shown in Fig. 3F, the subpop-
ulation of ductal cell 1 constituted a higher percentage than
the other ductal cell subpopulations and exhibited substan-
tial copy number variations (CNVs) (Fig. 3E). Fig. 3K sug-
gested that F3 expression was primarily found in the ductal
1 subpopulation. KEGG pathway enrichment analysis re-
vealed that the subpopulation of ductal cell 1 was mainly
enriched in phosphoinositide 3-kinase (PI3K)/Akt signal-

ing, focal adhesion, human papillomavirus infection, and
ECM–receptor interaction (Fig. 3M and Supplementary
Table 3).

Ductal cells from the GSE212966 dataset clustered
into four distinct subpopulations (Fig. 3H), of which the
ductal cell 1 subpopulation was present in a significantly
higher percentage than the other ductal cell subpopulations
(Fig. 3J) and demonstrated substantial CNVs (Fig. 3I). F3
was mainly expressed in the ductal cell 1 and ductal cell 4
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subpopulations (Fig. 3L). Ductal cell 1 was the main sub-
population expressing F3, due to the low abundance of duc-
tal cells 4. These findings align with the data obtained from
three patients with PDAC in this study. In addition, KEGG
pathway enrichment analysis results were consistent with
those observed in the three patients with PDAC in this study
(Fig. 3N).

Next, we assessed the expression of F3 in CAF sub-
populations; specifically, CAFs from the three patients with
PDAC were analyzed. Results revealed two distinct sub-
populations (Fig. 4A,B, Supplementary Fig. 3D). Sub-
population 1 showed enriched expression of inflamma-
tory factors and chemokines, leading to its designation as
iCAFs. Subpopulation 2 was named mCAFs because of
its high expression of α-smooth muscle actin (encoded by
ACTA2) (Fig. 4A,B). The ratio of mCAFs to iCAFs is
shown in Fig. 4C. Fig. 4D shows that F3 was mainly ex-
pressed in iCAFs. This study also analyzed the expres-
sion of F3 in patients with PDAC from the GSE212966
dataset and GSE197177 dataset. The results suggested that
the iCAF subpopulation also exhibited enriched expres-
sion of F3 in patients with PDAC (Fig. 4E, Supplemen-
tary Fig. 3E). KEGG pathway analysis was performed, as
shown in Fig. 4F,G. The results showed that the PI3K/Akt,
complement, and coagulation pathways were prominent in
the iCAF subpopulation (Fig. 4F, Supplementary Fig. 3F
and Supplementary Table 4). These results indicate that
iCAFs might play an important role in hypercoagulability
and tumor progression in the early stages of pancreatic can-
cer.

3.4 Analysis of iCAFs With High Coagulation Factor 3
Expression in PDAC

The above mentioned results showed that F3 is mainly
expressed in iCAFs; therefore, iCAFs were further ana-
lyzed. Pseudotime trajectory analysis positioned iCAFs pri-
marily at the beginning of the trajectory and mCAFs at the
end (Fig. 5A,C). This result was also confirmed by patients
with PDAC from the GSE212966 dataset and GSE197177
dataset (Fig. 5B,D; Supplementary Fig. 3G). Hallmark
pathway enrichment analysis is presented in Fig. 5E,F.
Analysis of cells in state 1 at the terminal point of trajec-
tory branch 1 confirmed that the iCAF subpopulation pri-
marily emerges at an earlier stage of the pseudotime tra-
jectory. The key regulons of iCAFs were also analyzed in
this study. Fig. 5G shows the top five regulons of iCAFs
from the three patients with PDAC in this study, Fig. 5H
shows the top five regulons of iCAFs from patients with
PDAC from the GSE212966 dataset, and Supplementary
Fig. 3H shows the top five regulons of iCAFs from patients
with PDAC from the GSE197177 dataset. The results re-
vealed that nuclear factor IA (NFIA) is a key transcription
factor for driving the iCAF process in both groups of pa-
tients with PDAC. The t-SNE plots in Fig. 5I shows the
distribution of NFIA expression in iCAFs.

Intercellular network analysis revealed a close re-
lationship between iCAFs and other cell types, particu-
larly mCAFs, macrophages, and ductal cells (Fig. 6A,B).
We further analyzed the interaction among growth fac-
tors, ECM, chemokines (Fig. 6C–E). Intercellular net-
work analysis showed that iCAFs interacted closely with
mCAFs, macrophages, and ductal cells through growth fac-
tor receptor–ligand pairs (Fig. 6C, Supplementary Fig. 4).
In particular, iCAFs interact closely with tumor cells (duc-
tal cells), mediated by the receptor–ligand pairs of various
ligands, such as vascular endothelial growth factor (VEGF),
transforming growth factor (TGF), platelet-derived growth
factor (PDGF), insulin-like growth factor (IGF), and fi-
broblast growth factor (Supplementary Fig. 4). Then,
iCAFs interacted closely with mCAFs, and ductal cells
through ECMs (Fig. 6D, Supplementary Fig. 5). In ad-
dition, iCAFs interacted closely with neutrophils through
chemokine receptor–ligand pairs (Fig. 6E, Supplementary
Fig. 6).

3.5 Immunohistochemical Staining of F3

We further performed the difference in F3 expression
between PDAC tissues and adjacent non-cancerous tissues
using immunohistochemical staining. The results showed
that the expression of F3 in PDAC tissues was significantly
higher than that in adjacent non-cancerous tissues (Fig. 7).

4. Discussion
It is well known that patients with pancreatic adeno-

carcinoma have a high incidence of thrombosis and a poor
prognosis [2,7]. This study showed that among 1837 pa-
tients with pancreatic adenocarcinoma from National Clin-
ical Research Center for Cancer and Shanxi Province Can-
cer Hospital, more than half (54.98%) showed abnormal co-
agulation indicators. Coagulation factors were further an-
alyzed in this study. The results showed that among coag-
ulation factors F2–F12, the mRNA and protein expression
levels of F3, F5 and F12 were higher in patients with pan-
creatic adenocarcinoma relative to normal tissues. Survival
analysis suggested that only F3 was related to a poor prog-
nosis. These results are consistent with previous reports
showing that high F3 expression in PDAC cells contributes
to increased coagulant activity and may play a role in tu-
morigenesis by promoting angiogenesis [19,20]. A study
by Khorana et al. [21] found a increased incidence of vas-
cular thrombosis in pancreatic tumors overexpressing TF.
Therefore, further research into the correlation between F3
and PDAC is needed.

Single-cell analysis revealed high F3 expression in
both ductal cells and CAFs. To determine the specific duc-
tal cell subpopulations expressing high F3, these cells were
isolated from patients with PDAC, followed by cluster anal-
ysis to detect subtle differences. The results showed that
F3 was mainly expressed in the ductal cell 1 subpopulation.
Ductal cells 1, which comprised a large proportion of total
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Fig. 3. Single-cell analysis uncovers the ductal cell landscape and the F3 expression in ductal cell subpopulations of PDAC. (A–C)
CNVs analysis of the distribution of tumor cells in the total ductal cells. (D) Bubble plot showing selected cell type-specific markers
across three distinct subclusters of ductal cells in this study. (E) Using macrophages and B_cells as the reference, the subpopulations
of ductal cells were further conducted by CNV analysis. (F) Proportional distribution of each ductal cell subpopulation by individual
sample in this study. (G) The t-SNE plots displayed the distribution of three distinct subclusters of ductal cells. (H) Bubble plot showing
selected cell type-specific markers across three distinct subclusters of ductal cells in the data of “GSE212966”. (I) Using macrophages
and B cells as the reference, the subpopulations of ductal cells were further conducted by CNV analysis in the data of “GSE212966”. (J)
Proportional distribution of each ductal cell subpopulation by individual sample in the data of “GSE212966”. (K) Expression of F3 in
ductal cell subpopulations of the three PDAC patients in this study. (L) Expression of F3 in ductal cell subpopulations of the six PDAC
patients from “GSE212966”. (M) KEGG pathway enrichment analysis of ductal cell 1 in this study. (N) KEGG pathway enrichment
analysis of ductal cell 1 in the data of “GSE212966”. CNVs, copy number variations.
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Fig. 4. Single-cell analysis uncovers the CAFs landscape and the F3 expression in CAF subpopulations of PDAC. (A) The t-
SNE plots displayed the distribution of two distinct subclusters of CAFs (iCAFs and mCAFs). (B) Bubble plot showing selected cell
type-specific markers across two distinct subclusters of CAFs in this study. (C) Proportional distribution of each CAF subpopulation by
individual sample in this study. (D) Expression of F3 in CAF subpopulations of the three PDAC patients in this study. (E) Expression
of F3 in CAF subpopulations of the six PDAC patients from “GSE212966”. (F) KEGG pathway enrichment analysis of iCAFs in this
study. (G) KEGG pathway enrichment analysis of mCAFs in the data of “GSE212966”.

ductal cells, exhibited CNVs, indicating they were tumor
cells. These ductal cells 1 have high expression of metas-
tasis associated lung adenocarcinoma transcript 1, a highly
conserved nucleus-restricted long noncoding RNA linked

to increased proliferation, tumorigenicity, and metastasis
in colorectal and lung cancers [22,23]. Although previous
studies suggested that pancreatic tumor cells can highly ex-
press F3, our study complements previous studies and pro-
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Fig. 5. The pseudotime trajectory analysis and transcriptional regulatory network analysis of CAFs. (A) The differentiation
trajectory of CAFs in this study. (B) The differentiation trajectory of CAFs in the data of “GSE212966”. (C) The top 50 DEGs with
the most significant expression level change over the pseudotime trajectory were classified into 3 clusters in this study. (D) The top
50 DEGs with the most significant expression level change over the pseudotime trajectory were classified into 3 clusters in the data of
“GSE212966”. (E) Distribution of branch states in the pseudotime trajectory. (F) GSVA (Gene set variation analysis) of each state in
pseudotime trajectory using hallmark 50 gene sets. (G) The regulon specificity score was used to rate various regulators of iCAFs in
this study. (H) The regulon specificity score was used to rate various regulators of iCAFs in the data of “GSE212966”. (I) NFIA gene
expression and regulon AUC (area under curve) scores were visualized in the t-SNE map.

vides new and detailed information on the subpopulations
of ductal cells expressing F3 [19,24].

The heterogeneity of CAFs has been reported in some
tumor types [4,25,26]. This study identified distinct mCAF
and iCAF subpopulations, and confirmed the subpopulation
expressing F3. Our data suggest that mCAFs contain an
abundance of genes associated with alpha smooth muscle

contraction, including those related to the cytoskeleton in
muscle cells and motor proteins. By contrast, the PI3K/Akt
and complement and coagulation pathways were the pri-
mary pathways enriched in iCAFs, consistent with results
reported by Werba et al. [4]. These results indicate that the
functional heterogeneity of CAFs may be a common char-
acteristic of tumors. A previous study has shown that under
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Fig. 6. Base on iCAF cell-cell interaction network. (A) Heatmap displaying number of potential ligand-receptor pairs between cell
groups. (B) Chord diagram showing potential receptor-ligand pairs between cell groups. (C–E) Heatmap displaying ligand-receptor pairs
of growth factors (C), extracellular matrixes (D) and chemokines (E) between iCAFs and other cell groups.
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Fig. 7. Immunohistochemical staining showed the expression of F3 in PDAC tissues and adjacent control tissues. Negative: no
color reaction; Positive: the cells were stained tan or brown. Scale bar = 100 µm.

pathological conditions, F3 is involved in formation of the
TME [10]. CAFs are an important component of the tumor
TME. In this study, we found that F3 was predominantly
found within the iCAF subpopulation of PDAC, and that
these iCAFs, through their enrichment of F3, were involved
in the coagulation pathway.

A study by Öhlund et al. [27] demonstrated that
iCAF and mCAF populations can interconvert. In the
current study, pseudotime trajectory analysis showed that
iCAFs were primarily found early in the trajectory, whereas
mCAFs mainly appeared at the end. Furthermore, path-
way enrichment analysis showed that the inflammation, and
complement and coagulation pathways were prominent in
state 1 iCAFs during the initial stages of pseudotime, where
iCAFs mainly appeared. These results indicate that iCAFs
might play a role in hypercoagulability and inflammation
in the early stage of pancreatic adenocarcinoma. Previous
research has shown that iCAFs demonstrated robust per-

formance under hypoxic conditions and tumours charac-
terised by increased inflammatory cell infiltration displayed
a higher presence of iCAFs, a subpopulation known to re-
spond favourably to immunotherapy. However, iCAFs in
advanced-stage tumours gradually diminish, correspond-
ing with a reduced immune response. The shift towards
mCAF in later stages suggests a potential link between these
subtypes and resistance to therapy in advanced tumours
[28,29]. In this study, the master regulators of iCAF for-
mation in PDAC were identified by SCENIC. The results
revealed that NFIA was highly expressed in iCAFs. A pre-
vious study demonstrated that NFIA can convert embry-
onic and postnatal mouse fibroblasts into astrocytes (iAs-
trocytes) [30]. This study suggests that NFIA is critical for
timely initiation of the iCAF process in PDAC.

The complexity of PDAC depend not only on the het-
erogeneity of cancer cells but also on the complex interac-
tion network in the PDAC. This study revealed abundant

12

https://www.imrpress.com


Fig. 8. PDAC hypercoagulability and tumor progression based on iCAFs highly express F3 mediated process.

ligand–receptor interactions (e.g., growth factors, ECM,
chemokines) between iCAFs and other cell types. CXC
motif chemokine ligand 12 (CXCL12) secretion by CAFs
promotes immune evasion in PDAC, and the CXCL12–C-
X-C chemokine receptor type 4 (CXCR4) interaction be-
tween CAFs and tumor-associated macrophages promotes
the metastasis of breast cancer [31,32]. The study demon-
strated that iCAFs secrete high levels of CXCL12, which
can bind to CXCR4. CXCR4 is often highly expressed by
B cells, T cells, neutrophils, and macrophages. In addition,
iCAFs interact closely with tumor cells (ductal cells), me-
diated by the receptor–ligand pairs of various ligands, such
as VEGF, TGF, PDGF, IGF, and fibroblast growth factor,
which can promote tumor proliferation and angiogenesis
[33–37].

Our research revealed that F3 is highly expressed in
the iCAFs of PDAC and may play a role in PDAC hyperco-
agulability and tumor progression (Fig. 8). F3 is a primary
initiator of the extrinsic coagulation pathway and plays
a critical role in promoting a hypercoagulable state and
thrombosis. This could be a significant contributor to the
hypercoagulation observed in PDAC. As indicated above, a
novel approach to limiting F3 expression and activity could
represent a useful strategy for anticoagulant therapy. In a

study of macaque monkeys, the pyrimidinones PHA-796
and PHA-927 potently reduced the activity of F3 to inhibit
thrombosis [38]. In a study in rabbits, an anti TF:FVIIa
antibody (AP-1) inhibited thrombus formation and showed
reduced bleeding tendency compared with heparin and a di-
rect thrombin inhibitor [38]. Thus, F3 may serve as a ther-
apeutic target and have a synergistic effect with existing
anticoagulant therapy regimens. In addition, elevated F3
could also affect the prognosis of patients through biolog-
ical processes such as thrombosis, angiogenesis, prolifer-
ation, invasion, and metastasis [10,11]. Therefore, target-
ing the upstream extrinsic coagulation pathway may have
beneficial effects on both cancer-associated thrombosis and
tumor-promoting activities. These give new perspectives
on challenges and opportunities in treating patients with
cancer with anticoagulants. Consequently, targeting F3 sig-
naling in iCAFs using antibodies or other F3 modulators
may represent a novel strategy for treating PDAC, poten-
tially offering both anticoagulant and antitumor effects.

5. Limitations
Due to the limited sample size of our study, more stud-

ies to confirm the findings.
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6. Conclusion
Overall, this study revealed that cell subtypes of

iCAFs highly express F3 by single-cell sequencing analy-
sis, and may play a role in PDAC hypercoagulability and
tumor progression. Therefore, targeting F3 in these iCAFs
may offer a novel approach for developing both anticoagu-
lant and antitumor therapies for PDAC.
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