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Pancreatic ductal adenocarcinoma (PDAC) is a devastating cancer with a dismal prognosis due to 
distant metastasis. Through an analysis of large RNA sequencing and proteomics datasets, we found 
that high KRT7 expression in PDAC patients was correlated with liver metastasis and poor survival. 
A functional investigation revealed that the overexpression of KRT7 promoted liver metastasis but 
did not affect tumor cell proliferation in vivo or in vitro. Analysis of scRNA-Seq data from 24 PDAC 
samples revealed a negative correlation between KRT7 expression in PDAC cells and cancer-associated 
fibroblast (CAF) infiltration, and this was further confirmed in orthotopic tumor model mice injected 
with KRT7-overexpressing PDAC cells, which led the development of to a prometastatic niche with 
reduced ECM deposition. Mechanistically, KRT7 in PDAC cells promoted the secretion of FGF2, which 
inhibited CAF proliferation and ECM-related gene transcription through the Wnt/β-catenin pathway. 
Moreover, targeting FGF2 decreased liver metastasis in vivo. Our study revealed that KRT7 promotes 
PDAC liver metastasis by remodeling the extracellular matrix niche through FGF2-fibroblast crosstalk 
and provides a promising strategy for preventing PDAC liver metastasis.
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Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive malignancies; the primary cause of 
death is distant metastasis, predominantly through hematogenous routes, and the liver is the most common site 
of such metastases1,2. Distant PDAC metastasis involves multiple steps, including the detachment of tumor cells 
from the primary site, penetration through the extracellular matrix (ECM), intravasation, extravasation, and 
ultimately, colonization and growth at distant sites3. Among these steps, the traversal of tumor cells through 
the ECM is a pivotal, rate-limiting process4. The ECM, which is mainly composed of collagens, serves as a 
physiological barrier, hindering the crucial step of tumor cell intravasation5. Therefore, further investigation 
into the behavior of PDAC cells within the ECM has the potential to yield new insights into the mechanisms 
underlying the distant metastasis of PDAC.

ECM deposition and degradation in the tumor microenvironment (TME) are intricately linked to tumor 
immunology, and ECM generation is predominantly mediated by cancer-associated fibroblasts (CAFs)6,7. CAFs 
respond to paracrine signals, modulating the ECM to facilitate metastasis via the secretion transforming growth 
factor beta (TGFβ), chemokine (C-X-C motif) ligand 12 (CXCL12), matrix metalloproteinase 9 (MMP9) and 
interleukin-6 (IL-6), which contribute to ECM remodeling or degradation, thereby supporting tumor cell 
metastasis6,8,9. Furthermore, tumor-derived exosomes activate Kruppel-like factor 4 (KLF4) in CAFs, leading 
to cellular detachment and subsequent deposition of fibronectin, establishing a prometastatic niche conducive 
to hematogenous spread10. Despite the critical role of the ECM in shaping the prometastatic niche, research 
specifically addressing the ECM-supported metastatic niche in PDAC is still limited. Therefore, a more in-depth 
analysis of the interplay between PDAC and CAFs during this process would help elucidate the changes in the 
ECM, consequently providing evidence for how these interactions facilitate metastasis. This knowledge holds 
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promise for the development of novel therapeutic strategies targeting ECM remodeling and CAF activation to 
prevent the distant metastasis of PDAC.

Keratin 7 (KRT7), a member of the type II keratin family, is a major component of the intermediate filament 
cytoskeleton11. It is closely associated with tumor progression and metastasis11. During epithelial–mesenchymal 
transition (EMT) in ovarian cancer cells, downregulation of E-cadherin and claudins promotes cellular motility, 
whereas KRT7 expression remains stable or even increases11,12. An et al. demonstrated that activation of the 
TGF-β/Smad2/3 pathway by KRT7 is key for inducing EMT in ovarian cancer; matrix metalloproteinases 
(MMP2 and MMP9), key enzymes involved in ECM degradation, are also closely related to KRT7 activity11. 
These observations suggest that KRT7 may play a role in degrading the ECM, which is intimately linked to its 
invasive properties. Moreover, via its antisense molecule KRT7-AS, KRT7 facilitates p65 phosphorylation and 
nuclear translocation, indicating significant potential for transcriptional activation13. Nonetheless, the interplay 
between KRT7 and CAFs in PDAC remains unclear. Given its potential for transcriptional activation, KRT7 may 
promote certain extracellular signals to modulate CAFs, thereby altering the ECM and facilitating metastasis. 
However, this hypothesis has yet to be proven.

Here, for the first time, we identified KRT7 as an important molecule in the distant metastasis of PDAC 
through multiomics analysis of RNA-Seq and proteomic data for PDAC samples. KRT7 promotes the metastasis 
of PDAC in a TME-dependent manner, inhibits CAF invasion and ECM generation through FGF2 signaling, 
and thus induces the formation of a migration-conducive niche with decreased deposition of ECM to support 
the distant metastasis of pancreatic cancer. This study reveals that targeting FGF2-fibroblast crosstalk in PDAC 
patients with high KRT7 expression is a promising treatment strategy.

Methods
Cell culture and transfection
Human PDAC cells (PANC1; AsPC1) were obtained from the American Type Culture Collection (ATCC; 
Manassas, VA, USA) and were cultured in standard medium supplemented with heat-inactivated FBS and 
antibiotics (50 U/mL penicillin and 50 mg/L streptomycin) according to the manufacturer’s recommendations in 
a humidified atmosphere at 37 °C and 5% CO₂. PA02 cells were purchased from Pricella Life Science & Technology 
Co., Ltd., and cultured with complete culture medium for PA02 cells (Pricella Life Science & Technology Co., 
Ltd., CM-0675) at 37  °C and 5% CO₂. Human pancreatic CAFs were purchased from SAIOS (Wuhan) and 
cultured in DMEM supplemented with 10% FBS at 37 °C and 5% CO2. All the cell lines were confirmed to be 
free of mycoplasma and were authenticated by short tandem repeat analysis. KRT7-overexpressing lentiviruses 
and control empty-vector (EV)-overexpressing lentiviruses were purchased from GeneChem (Shanghai, China). 
Lentivirus transduction was performed according to the instructions provided by GeneChem (Shanghai, China).

3D tumor spheroid growth assay
First, tumor cell monolayers were washed with PBS, and then, cell dissociation enzyme (Gibco 25200072) was 
added to obtain a single-cell suspension. The cells were then counted with a hematocytometer and diluted to 
a concentration of 0.5 to 2 × 103 cells/mL to determine the optimal cell density for each cell line. Then, the cell 
suspension was transferred to a sterile container, and a multichannel pipette was used to add 200 µL of the 
suspension to each well of a circular bottom ultralow adhesion (ULA) 96-well plates (1500 cells/well). The plates 
were transferred to an incubator (37 °C, 5% CO₂, 95% humidity) to allow growth. Images were obtained via 
microscopy to measure changes in sphere size over a continuous period of 96 h14,15.

3D tumor spheroid migration assay
As mentioned above, 3D-tumor spheroids were allowed to form for 4 days, and their formation was visually 
confirmed before the migration assays began. Then, the spheroids were gently transferred to a migration 96-well 
plate precoated with gelatin. Complete growth medium was added. Then, the spheres were allowed to adhere to 
the coating surface for 60 min, and images were taken from 0 to 48 h. The relative migration of the initial tumor 
sphere was quantified15.

CCK-8 assay
Cell viability was analyzed via Cell Counting Kit-8 (CCK-8; Beyotime, Shanghai, China) assays according to the 
manufacturer’s protocols. The cells were seeded and cultured at a density of 5 × 103/well in 100 μL of medium in 
96-well plates. After 24 h, 10 μL of CCK-8 reagent was added to each well, and the cells were then cultured for 
2 h. All the experiments were performed in triplicate. The absorbance was analyzed at 450 nm with a microplate 
reader (Bio-Rad, Hercules, CA, USA), and wells without cells were used as blanks. The proliferation of the cells 
is expressed as the absorbance.

In vivo indirect coculture system
To coculture PDAC cells and CAFs, six-well Transwell plates with 0.4-μm porous polycarbonate membranes 
(Cornin, USA) were used. PDAC cells were seeded in the upper chamber, and CAFs were seeded in the lower 
chamber. The cells were cocultured for 24 h and then used for subsequent experiments.

Orthotopic model
BALB/c nude mice and C57BL/6 mice (4–6  weeks old) were purchased from Shanghai SLAC Laboratory 
Animal Co., Ltd. (Shanghai, China). Age-matched littermates were also used in this study. Both male and female 
mice were used. All the mice were housed under specific pathogen-free (SPF) conditions at the Anburui BD 
Laboratory (Fuzhou, China). The sample size was estimated using power analysis for group comparisons by one-
way ANOVA16: for two-group comparisons, the minimum sample size in each group was 10/2 + 1 = 6, and the 
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maximum sample size in each group was 20/2 + 1 = 11. The acceptable sample size in each group was 6 to 11. The 
number of mice in each experiment is indicated in the corresponding figure legend. All animals were handled 
in strict accordance with the Principles for the Utilization and Care of Vertebrate Animals and the Guide for 
the Care and Use of Laboratory Animals. For the animal studies, the ears of the mice were marked before the 
animals were divided into groups by an independent investigator, and the experimental and control animals 
were housed separately. At the end of the animal experiments, the mice were euthanized by cervical dislocation. 
The investigators were aware of the group allocations at the different stages of the experiment (during allocation, 
the experiment itself, outcome assessment, and data analysis).

To prepare an orthotopic tumor models: PANC1, ASPC1 or PA02 cells (106 cells per mouse) transfected 
with an empty vector or KRT7-overexpressing vector were implanted into the pancreas after anesthesia. Six 
weeks later, the tumors and liver were harvested after the mice were euthanized for further analysis. The tumor 
volume was determined each week after injection; specifically, electronic calipers were used to measure the 
length (L) and width (W): 0.52 × L × W × W. The maximum size of the tumors did not exceed 2 cm according to 
the guidelines of our institution’s ethical board. The early termination criteria were as follows: (1) a maximum 
cumulative tumor diameter of 2.0 cm; (2) the presence of a tumor that impeded eating, urination, defecation, 
or ambulation; and (3) very poor body condition. The animal experiments were reported following ARRIVE 
guidelines.

ELISA
Cells culture supernatants were collected and centrifuged at 1000×g for 10 min. The concentrations of secreted 
TGFB1 and FGF2 in the supernatants were measured with a human TGFB1 ELISA kit and a human FGF2 ELISA 
kit according to the manufacturer’s protocol (Enzyme-linked Biotechnology, Shanghai, China).

In vitro ECM assembly and invasion transwell assay
ECM assembly was induced as described in a previous study17. Transwell inserts were coated with gelatin solution 
(0.2% in PBS) at 37 °C. The inserts were then washed twice with PBS prior to the addition of glutaraldehyde (1% 
in PBS) for cross-linking. After the plates were washed twice with PBS, 1 mol/L glycine solution was added to the 
plates to stop the crosslinking reaction for 20 min at room temperature. The inserts were then washed once with 
PBS. PBS supplemented with 1× penicillin–streptomycin was added to each well. The inserts were finally sealed 
with parafilm and stored at 4 °C for a maximum of 3 days prior to cell seeding. The gelatin-coated inserts were 
retrieved and washed twice with PBS. Serum-containing DMEM/RPMI was added to the wells, and the plates 
were incubated at 37 °C for at least 1 h for warming and equilibration of the gelatin layer. Then, CAFs together 
with different PDAC cells (1:1, 3 × 104) were seeded on the precoated Transwell inserts and allowed to attach 
to the bottom of the wells overnight. The next morning, the medium was aspirated, and the wells were washed 
once with PBS prior to the addition of ECM assembly medium (DMEM/RPMI supplemented with 0.2% FBS, 
1× penicillin–streptomycin and 50 μg/mL freshly prepared sodium ascorbic acid; 500 μL per well), which was 
replaced every other day. ECM assembly was induced in 5% CO2 and 3% O2 6 days after seeding of the CAFs 
and PDAC cells. To preserve the ECM, the wells were first washed twice with PBS. Cell lysis solution (0.5% 
Triton and 20 mmol/L NH4OH in PBS) was added to the wells, and the plates were subsequently incubated for 
5 to 8 min at 37 °C. PBS was then added to the wells to dilute the lysis solution. The inserts were then sealed and 
stored at 4 °C overnight. The next morning, the plates were washed three times with PBS for additional Transwell 
assays. For the next invasion Transwell assay, 3.0 × 104 wild-type PANC1 cells or ASPC1 cells were suspended 
in FBS-free medium and plated in the upper chamber of the Transwell plate. The lower chamber was filled with 
complete medium containing 10% FBS. After 24 h, the migrated cells on the lower surface of the insert were fixed 
with methanol for 20 min and stained with 0.5% crystal violet solution for 20 min for quantification.

Picrosirius red staining
For ECM analysis, tumor samples were stained with a Picrosirius Red Stain Kit. The samples were fixed in 4% 
paraformaldehyde at room temperature for 15 min, and routine dehydration and embedding were performed. 
The samples were sliced at a thickness of 6–7 µm, dewaxed in water via conventional methods, and stained 
with Sirius Red staining solution for 1  h. The slices were rinsed quickly with running water to remove the 
staining solution on the surface. The samples were subjected to conventional dehydration, clearing and sealing 
with neutral gum18. The samples were observed under a regular optical microscope, and images were taken for 
quantification via ImageJ software.

Immunofluorescence
The samples were fixed in 4% paraformaldehyde at room temperature for 15  min, permeabilized with 0.2% 
Triton X-100 for 10 min, and then blocked with 5% BSA at room temperature for 1 h. The slices were incubated 
overnight with primary antibodies at 4 °C and then incubated with fluorescent secondary antibodies at room 
temperature for 1 h. The samples were mounted after being stained with diamidino-2-phenylindole (DAPI).

Data acquisition and analysis
The gene expression data, including those from The Cancer Genome Atlas (TCGA), GSE71729 and GSE151580, 
were obtained from the UCSC Xena (https://xena.ucsc.edu/) and GEO (GEO, ​h​t​t​p​s​:​/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​g​e​
o​/​​​​​) databases. The proteomics data were obtained from processed files from a study by Shen et al.19, which were 
analyzed using the R package ‘limma’ and subsequently adjusted using the Benjamini–Hochberg method. Two-
sided p values were calculated. Online data analysis tools (https://www.xiantaozi.com/) were used to identify 
differentially expressed genes (DEGs) via the DESeq2 method, and the following thresholds were used: adjusted 
p value (Benjamini–Hochberg method) < 0.05 and |log2FC| < 1.
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Statistical analysis
GraphPad Prism 9.0 and SPSS 26.0 were used for the statistical analyses. Between-group differences in the data 
were assessed via Student’s t test. The Mann–Whitney U test was used to compare nonnormally distributed 
data. Overall survival (OS) and recurrence-free survival (RFS) were assessed via the Kaplan–Meier method and 
compared via the log-rank test. The χ2 test and Mann–Whitney U test were used to evaluate the associations 
between KRT7 levels and clinicopathological parameters in patients with PDAC. Representative data are shown 
as the means ± SEMs. p < 0.05, **p < 0.01, and ***p < 0.001 indicated statistical significance, and a p value of ≥ 0.05 
indicated that the difference was not significant (ns).

Results
KRT7 is a key molecule for distant liver metastasis of PDAC
To analyze the heterogeneity of PDAC metastasis, we first analyzed the RNA-Seq data of a large cohort of 
PDAC patients (GSE71729). First, we identified 460 DEGs between PDAC tissues and adjacent tissues from 
the GSE71729 dataset (DEGs-GSE71729)20 (Fig. 1A). Among these genes, 285 were upregulated, and 175 were 
downregulated (Fig. 1A). Moreover, we identified DEGs between PDAC tissues and adjacent tissues from the 
TCGA-PDAC dataset (DEGs-TCGA). Among these genes, 8730 were upregulated, and 480 were downregulated 
(Fig.  1B). We subsequently analyzed PDAC data from the GSE151580 dataset, which consisted of paired 
primary tumor data and corresponding distant liver metastasis data, and 3384 downregulated genes and 2421 
downregulated genes were identified21 (Fig. 1C). By intersecting the DEGs from the GSE71729, TCGA, and 
GSE151580 datasets, we identified 296 common DEGs as potential key genes for distant liver metastasis of 
PDAC (Fig. 1D).

Considering that genes often exert their functions through their protein products, we further analyzed a 
large-scale proteomic dataset comprising data from PDAC patients (NM proteomics), with information on 
4787 proteins19 (Fig. 1E). Initially, we identified the differentially expressed proteins (DEPs) within this dataset; 
specifically, there were 1213 upregulated and 864 downregulated proteins in tumor tissue compared with 
adjacent normal tissue (Fig. 1E). Notably, the changes in the expression (upregulation or downregulation) of 
66 proteins coincided with changes in the expression of previously identified DEGs (Fig. 1E). These findings 
suggest that these 66 molecules are candidate factors potentially influencing distant liver metastasis in patients 
with pancreatic cancer, indicating that they may be important factors in the metastatic process.

Furthermore, we analyzed the association of survival outcomes with these 66 candidate molecules. Using the 
online GEPIA2 database22, we rigorously categorized PDAC samples into high-expression and low-expression 
groups on the basis of the median expression values of these genes. We identified a set of genes that could stratify 
patients into groups with differential overall survival (OS-median) and another set that could stratify patients 
into groups with differential disease-free survival (DFS-median) (Fig. 1F). We also grouped patients into high- 
and low-expression groups according to quartiles and identified genes that could stratify patients into groups 
with differences in overall survival (OS-quartile) and disease-free survival (DFS-quartile) with these cutoffs 
(Fig. 1F). Among the 66 candidate molecules, only one, KRT7, could be used to stratify patients according to 
survival, with both median and quartile cutoff values for high vs. low expression (Fig. 1F). The groups exhibited 
significant differences in survival according to data from both the KM plotter database and the TCGA database 
(Fig. 1G–I).

We subsequently investigated the expression of KRT7 via the GEPIA2 database and found that KRT7 was 
more highly expressed in tumor tissue than in normal tissue and was more highly expressed in patients with 
more advanced-stage PDAC than in those with early-stage PDAC (Fig. 1J,K). According to an analysis of our 
in-house clinical PDAC samples, high KRT7 expression was associated with an increased incidence of liver 
metastasis and lymph node metastasis, higher CA199 levels and a more advanced AJCC stage (Supplementary 
Table 1).

Next, we investigated the specific expression of KRT7 in the TME. Consistent with its upregulation in tumor 
tissue in the GEPIA2 database, we confirmed that it was upregulated in tumor tissues in our in-house PDAC 
cohort (Fig. 2A)22. Using scRNA-Seq data from 24 PDAC samples from the CancerSCEM database, we found 
that KRT7 was highly expressed mainly in PDAC cells, as indicated by its high expression in the malignant cell 
population identified by the UMAP plot and its relatively low expression in other immune cells (Fig. 2B)23. 
Furthermore, immunohistochemical (IHC) staining data for KRT7 from the Human Protein Atlas confirmed 
this finding (Fig. 2C). This evidence suggested that KRT7 is expressed specifically in tumor cells rather than 
in other cells of the TME. Accordingly, KRT7 was identified as a potential essential molecule for distant liver 
metastasis of PDAC.

KRT7 promotes PDAC liver metastasis in vivo
Next, we examined the effects of KRT7 on PDAC liver metastasis. First, we overexpressed KRT7 in the PDAC 
cell lines PANC1 and ASPC1 through lentiviral transduction (Fig. 2D,E). After confirming the overexpression 
efficiency of KRT7 through Western blot analysis, we used BALB/c nude mice to construct an orthotopic model 
by injecting 106 cells into the pancreas. After six weeks, we sacrificed the mice and harvested the tumors, which 
revealed no significant differences in primary tumor size or tumor weight (Fig. 2F,G). However, the mice injected 
with KRT7-overexpressing cells had a greater incidence of liver metastasis (6/8; 5/8) than did the mice injected 
with empty vector (EV)-transfected cells (1/8; 1/8) (Fig.  2H). Moreover, in mice with liver metastasis, the 
metastatic burden was greater in those bearing KRT7-overexpressing cells than in those bearing EV-transfected 
cells (Fig. 2I,J). Similar results were also observed in C57BL/6 mice injected with PA02 cells transfected with the 
EV or overexpressing KRT7 (Fig. 2K–M). These results revealed the liver metastasis-promoting effect of KRT7.
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KRT7 promotes PDAC liver metastasis in a TME-dependent manner
To further determine how KRT7 promotes PDAC liver metastasis, we next investigated the impacts of KRT7 
on PDAC cells through functional experiments. First, we used a 3D culture technique to generate 3D tumor 
spheroids. Interestingly, the growth of KRT7-overexpressing tumor spheroids did not differ from that of EV-

Fig. 1.  Identification of KRT7 as a differentially expressed gene. (A) Volcano plot (|log2FC| > 1, P value < 0.05) 
of the GSE71729 data. (B) Volcano plot (|log2FC| > 1, P value < 0.05) of the TCGA-PDAC data. (C) Volcano 
plot (|log2FC| > 1, P value < 0.05) of the GSE151580 data. (D) Venn diagram of the overlapping DEGs among 
the GSE71729, TCGA and GSE151580 dataset. (E) Differential mountain maps of PDAC samples according 
to proteomics. (F) Venn diagram of KRT7 overexpression data. (G) OS probability curve of patients stratified 
by KRT7 expression according to data from the KM plotter database. (H) OS and DFS curves of patients 
stratified by the median KRT7 expression level according to data from the GEPIA2 database. (I) OS and 
DFS curves of patients stratified by KRT7 expression quartiles according to data from the GEPIA2 database. 
(J) The expression of KRT7 in tumor and normal tissues according to data from the GEPIA2 database. (K) 
The expression of KRT7 in patients with PDAC of different AJCC stages according to data from the GEPIA2 
database.
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transfected tumor spheroids (Fig. 3A,B). Additionally, Western blot analysis of proliferating cell nuclear antigen 
(PCNA) and the CCK-8 assay confirmed that KRT7-overexpressing PDAC cells and EV-transfected PDAC cells 
exhibited similar proliferation abilities (Fig. 3C,D). These results and the similar tumor weights and volumes in 
vivo indicated that KRT7 does not promote PDAC proliferation.

Next, we investigated the difference in metastatic ability between KRT7-overexpressing and EV-transfected 
tumor spheroids. In the 3D tumor spheroid-based migration assay, we did not observe a distinct increase in 
migration ability (Fig. 3E,F). These in vitro results suggested that the liver metastasis-promoting effects of KRT7 
may involve other steps of the metastasis process rather than the initial steps of increased metastatic ability in 
PDAC cells. This shifted our attention to the TME in this context.
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KRT7 is associated with less fibroblast infiltration and a less dense ECM niche
To determine the TME features of KRT7, we analyzed the cellular components of 24 PDAC samples via scRNA-
Seq data derived from the CancerSCEM database (Fig. 4A)23. The percentages of CD4+ T cells, CD8+ T cells, and 
NK cells in the KRT7high PDAC samples (samples 04, 08, 09, 14, 17, 20, 21, and 22) did not significantly differ 
from those in the KRT7low PDAC samples (Fig. 4A). Interestingly, we detected increased fibroblast infiltration 
in the KRT7low PDAC samples compared with the KRT7high PDAC samples (samples 04, 08, 09, 14, 17, 20, 
21, and 22)  (Fig.  4A). To further confirm the negative correlation between KRT7 expression and fibroblast 
infiltration, we examined fibroblast infiltration in tissue samples from our in-house PDAC cohort through 
immunofluorescence. Consistent with the findings reported above, the KRT7high PDAC samples presented 
decreased fibroblast infiltration, as reflected by decreased α-SMA staining intensity (Fig. 4B).

CAFs remodel the TME by secreting ECM-degrading enzymes or by generating the ECM. Here, we observed 
a decrease in the abundance of infiltrating CAFs, which shifted our attention to the subsequent impacts of CAFs 
on the ECM. Thus, we used a picrosirius staining assay to assess the ECM content. A lower ECM content was also 
observed in the KRT7high PDAC samples (Fig. 4C), which suggested a metastasis-conducive niche.

KRT7 promotes metastasis-conducive ECM niche formation by inhibiting CAF infiltration 
through FGF2
Next, we investigated the crosstalk between PDAC cells and CAFs to determine the mechanism underlying 
the decrease in CAF infiltration and subsequent formation of a metastasis-conducive ECM niche. Tumor cells 
can secrete various cytokines, such as TGF-beta and FGF2, to affect CAFs24. Thus, we investigated the levels of 
these cytokines in KRT7-overexpressing cells and the corresponding supernatants. TGF-beta levels were not 
significantly different between KRT7-overexpressing cells or their supernatants compared with control cells and 
their supernatants (Fig. 5A).

In addition, FGF2 has been well documented to inhibit CAF proliferation and fibrotic gene expression, which 
could explain the decrease in CAF infiltration and subsequent decrease in ECM deposition caused by KRT7 
overexpression24. We then examined the impact of KRT7 on FGF2 transcription, which revealed an obvious 
increase in FGF2 expression in both KRT7-overexpressing cells and their supernatants compared with the 
corresponding controls (Fig. 5B). Moreover, elevated FGF2 expression was also observed in tissue homogenates 
of orthotopic tumors overexpressing KRT7 (Fig. 5C). KRT7 has been reported to promote transcription13. Thus, 
we examined whether KRT promoted the transcription of FGF2. We detected increased transcription of FGF2 
in KRT7-overexpressing PDAC cells (Fig. 5D). In addition, a positive correlation between KRT7 and FGF2 RNA 
expression was found according to data from the external PDAC ENCORI database (Fig.  5E). These results 
suggested that KRT7 promotes the secretion of FGF2, which may account for the decrease in CAF infiltration 
and subsequent decrease in ECM deposition caused by KRT7 overexpression.

We further investigated whether the increase in the amount of FGF2 secreted by KRT7-overexpressing cells 
was responsible for the increase in liver metastasis in vivo. We subsequently administered NSC12 (an FGF2 
inhibitor, FGF2i), which acts as an extracellular FGF trap, binds FGF2 and interferes with its interaction with 
FGFR1, to BALB/c nude orthotopic model mice25. The decreases in CAF infiltration and ECM deposition were 
reversed by the addition of FGF2i (Fig.  5F,G). Moreover, we used a Transwell assay to evaluate the impacts 
of different cocultured CAF-secreted ECMs on the metastatic ability of PDAC cells. ECM produced by CAFs 
cocultured with KRT7-overexpressing PDAC cells resulted in aggressive metastasis of tumor cells, and the 
metastatic ability of these cells was rescued by ECM produced by CAFs cocultured with FGF2 knockdown 
KRT7-overexpressing PDAC cells (Fig. 5H). These results revealed that KRT7 promotes the transcription and 
secretion of FGF2 in PDAC cells, leading to metastasis-conducive ECM niche formation via inhibition of CAF 
infiltration.

The in vitro results suggested that FGF2 plays a key role in KRT7-induced CAF proliferation and ECM 
deposition. Then, we assessed the potential clinical value of FGF2i; FGF2i treatment also significantly attenuated 

Fig. 2.  The expression and liver metastasis-promoting effect of KRT7 in PDAC. (A) The RNA level of KRT7 
in PDAC tissue and normal tissue samples from our in-house cohort. (B) Representative UMAP plot and a 
corresponding plot showing the expression of KRT7 in different cell types according to data from the online 
PDAC scRNA-Seq CancerSCEM database. (C) Representative images of IHC staining for KRT7 in samples 
from the Huaman Protein Atlas database. (D) The RNA and protein levels of KRT7 after transfection of EV or 
a KRT7 overexpression vector into PANC1 cells. (E) The RNA and protein levels of KRT7 after transfection 
of EV or a KRT7 overexpression vector into ASPC1 cells. (F) Primary tumor weights and volumes in BALB/c 
nude orthotopic mice injected with PANC1 cells transfected with the EV or KRT7 overexpression vector. 
The mice were euthanized 6 weeks after injection; n = 8 mice per group. (G) Primary tumor weights and 
volumes in the BALB/c nude orthotopic mice injected with ASPC1 cells transfected with the EV or KRT7 
overexpression vector. The mice were euthanized 6 weeks after injection; n = 8 mice per group. (H) Incidence 
of liver metastases in BALB/c nude orthotopic mice injected with PANC1 and ASPC1 cells transfected with the 
EV or KRT7 overexpression vector; n = 8 mice per group. The mice were euthanized at 4 weeks after injection. 
(I) Quantification of liver metastatic nodes in the BALB/c nude orthotopic mouse model. (J) Representative 
images of gross morphology of metastatic liver tumors in the BALB/c nude orthotopic mouse model. (K–M) 
Primary tumor weights, tumor volumes, incidence of liver metastases, number of liver metastasis nodes and 
representative gross morphology of metastatic liver tumors in C57BL/6 orthotopic mice injected with 106 PA02 
cells transfected with the EV and KRT7 overexpression vector; n = 8 mice per group. The mice were euthanized 
6 weeks after injection.
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the increase in liver metastasis events caused by KRT7 overexpression in vivo (Fig. 5I,J). Moreover, the primary 
tumor weights remained stable (Fig. 5K). During FGF2i treatment, body weight loss was not observed in the 
mice (Fig. 5L). These findings suggested that FGF2i treatment is a promising intervention for preventing liver 
metastasis in KRT7high PDAC patients.

Fig. 3.  The impacts of KRT7 on PDAC proliferation and metastasis in vitro. (A,B) Growth in the 3D tumor 
spheroid formation assay. A growth curve was generated by normalizing the tumor volume to the initial 
volume; n = 3 biologically independent samples; scale bar: 50 μm. (C) Western blot analysis of PCNA levels in 
PDAC and ASPC1 cells. (D) CCK-8 assay. (E,F) Migration of tumor cells in the 3D tumor spheroid formation 
assay. The migration area is expressed relative to the initial tumor spheroid area during spheroid migration. 
The quantitative data are shown on the right; n = 3 biologically independent samples; scale bar = 50 μm.
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FGF2 inhibits CAF proliferation and the transcription of ECM-related genes through the Wnt-
β-catenin signaling pathway
Next, we investigated the mechanism by which FGF2 shapes the metastasis-conducive ECM niche by inhibiting 
CAF infiltration. By using an in vitro indirect coculture system consisting of CAFs and PDAC cells, we examined 
the impacts of FGF2 on CAFs (Fig.  6A). To inhibit CAF infiltration, we first examined the changes in the 
proliferative ability of CAFs cocultured with KRT7-overexpressing tumor cells exposed to high FGF2 levels. 
CAFs cocultured with KRT7-overexpressing tumor cells exhibited decreased proliferative ability, as indicated 
by a decrease in PCNA expression, suggesting that the proliferative potential of CAFs was inhibited by FGF2 
(Fig. 6B,C). Moreover, no changes in FGFR1 expression in CAFs were observed, excluding the possibility that 
decreased FGF2 receptor expression results from decreased FGFR1 expression.

Considering that the Wnt-β-catenin pathway is the main downstream pathway of FGFR126 that potentially 
regulates the proliferative ability of CAFs, we detected decreased Wnt-β-catenin pathway activity in CAFs 
cocultured with KRT7-overexpressing PDAC cells (Fig. 6B,C). To confirm this hypothesis, we next investigated 
whether a Wnt-β-catenin signaling pathway agonist (SKL2001) could abolish the decrease in PCNA levels caused 
by FGF227,28. SKL2001 rescued the decrease in PCNA expression in CAFs cocultured with KRT7-overexpressing 
tumor cells. These findings suggested that KRT7-overexpressing PDAC cells secrete more FGF2, which inhibits 
CAF proliferation by inhibiting the Wnt-β-catenin pathway through FGFR1, thus decreasing CAF infiltration.

Next, we assessed the ability of CAFs in the coculture system to produce ECM by measuring the expression 
of ECM production-related genes, including Acta2, Col1a1, Ctgf, Col3a1, Thbs1, Serprinh1, Sparc, Fn1 and Tnc, 
in CAFs24. These genes were markedly downregulated in CAFs cocultured with KRT7-overexpressing PDAC 
cells (Fig. 6D,E)29. These effects were reversed by treatment with FGF2i or SKL2001 (Fig. 6D,E)25,28. Additionally, 
the levels of the corresponding proteins, including αSMA, CTGF, COL3A1, THBS1, HSP47 and SPARC, 
were measured via Western blot analysis (Fig.  6F,G). The findings suggest that FGF2 derived from KRT7-
overexpressing PDAC cells inhibits the Wnt-β-catenin pathway through FGFR1 to decrease the proliferation 
and transcription of ECM-producing genes in CAFs, thus leading to the formation of a metastasis-conducive 
niche with a less dense ECM.

Discussion
The TME plays a pivotal role in facilitating pancreatic cancer metastasis through multiple steps3,30. Here, for 
the first time, we identified a crucial molecule for pancreatic cancer liver metastasis, KRT7, via multiomics data 
analysis employing stringent identification criteria. This study is the first to highlight the paramount impact of 
KRT7 on the prometastatic niche in PDAC and reveal the key regulatory function of FGF2 in modulating CAFs, 

Fig. 4.  KRT7 inhibits CAF infiltration and ECM deposition in PDAC. (A) Plot of KRT7 expression in PDAC 
cells and the percentage of immune cells in the corresponding sample according to data for 24 samples from 
the online PDAC scRNA-Seq CancerSCEM database. (B) Representative images and graph of α-SMA staining 
in KRT7high and KRT7low PDAC tissue samples from our in-house cohort (n = 20 each group); scale bar: 
100 µm. (C) Representative picrosirius-stained images and a graph of picrosirius staining in KRT7high and 
KRT7low PDAC tissue samples from our in-house cohort (n = 20 each group); scale bar: 100 µm.
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thereby reducing ECM deposition. We propose a promising strategy for inhibiting metastasis by targeting FGF2, 
offering novel insights into the mechanisms underlying distant metastasis in pancreatic cancer and suggesting 
new therapeutic approaches.

KRT7 was first identified as an important molecule affecting distant liver metastasis in pancreatic cancer 
patients. In contrast to most previous studies on prognostic molecules, we used both RNA-Seq and proteomic 
data to study changes not only at the RNA level but also at the protein expression level31. In addition, we used 
medians and interquartile ranges to identify differences in survival among patients treated with KRT7, reducing 
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grouping bias by using a single median expression value as the cutoff value. In addition, we analyzed a large set 
of RNA-Seq data from Western countries and proteomic data from China, which also reflects the universality of 
KRT7 as a biomarker for PDAC liver metastasis.

KRT7 was previously reported to directly facilitate the progression of colorectal and ovarian cancers11,32,33. 
Our investigations of PDAC using both two-dimensional (2D) and three-dimensional (3D) culture models 
confirmed that KRT7 does not directly influence the proliferative capacity of pancreatic cancer cells. Similarly, 
in vivo, KRT7 was found to not affect the proliferation of primary tumor lesions. Instead, we discovered that 
it promoted liver metastasis in PDAC by fostering the development of a prometastatic niche. These findings 
highlight the strong ability of KRT7 to modulate the TME. In our study, we employed a spontaneous orthotopic 
mouse model rather than a liver metastasis model induced by injection of cells into the spleen34,35. This choice was 
primarily motivated by the fact that the cellular composition of the spleen vastly differs from that of the pancreas, 
rendering it an inadequate mimic of the TME of primary pancreatic tumors34,35. Consistent with previous 
studies, we assessed liver metastatic potential as a clinically relevant measure of metastatic capability35,36. In both 
the BALB/c nude and C57BL/6 mouse models, KRT7 overexpression increased the incidence of liver metastasis 
without affecting tumor cell proliferation, which is consistent with the role of KRT7 in promoting metastasis 
through the modulation of CAFs rather than through direct effects on immune cells. These findings further 
improve our understanding of the mechanism by which KRT7 promotes PDAC liver metastasis, emphasizing 
that KRT7 influences the TME rather than directly impacting tumor cell proliferation.

Interestingly, when we studied the crosstalk between KRT7-expressing tumor cells and the TME, we 
found that the expression level of KRT7 was inversely correlated with the infiltration of CAFs in the TME, 
which is inconsistent from the well-known cancer-promoting effect of CAFs. This may also explain why the 
proliferation of primary tumor cells was not significantly affected, as it is often believed that CAFs promote 
tumor cell proliferation37. Moreover, we did not find any significant changes in the numbers of other antitumor 
immune cells, such as CD4+ and CD8+ T cells, as CAFs mainly suppress T-cell antitumor immunity38,39. When 
the infiltration of CAFs is reduced, CAFs do not exert procancer effects but rather promote the occurrence of 
liver metastasis by reducing ECM deposition38. Therefore, tumor treatment strategies that deplete/inhibit CAFs 
should be used with caution. In addition to the induction of CAF infiltration, the ability of CAFs cocultured 
with KRT7-overexpressing cells to produce ECM was evaluated in vitro, and the results revealed the suppressive 
effects of FGF2 on CAF activity. However, CAF activity could be influenced by TME-related factors, such as 
cytokines or hypoxia, in vivo40. KRT7 was reported to upregulate immune checkpoints, including CD274, 
CD276, and CTCN1, which act as immunosuppressants by transmitting signals to suppress effector T cells, 
further affecting the function of immune cells expressing related receptors41,42. However, it is still unknown 
whether it can indirectly regulate CAFs by causing changes in cytokine levels or the oxygen levels in the TME 
through other cells43.

In tumors with high KRT7 expression, ECM deposition in the TME is decreased, and CAF proliferation is 
suppressed by FGF2. We found that FGF2 is a crucial mediator in this process, as it inhibits ECM production 
through the suppression of the Wnt/β-catenin pathway, which is consistent with the findings of Tian et al.24. 
In vivo, we chose to directly target FGF2 rather than directly activating Wnt/β-catenin signaling in CAFs 
because interfering with the Wnt/β-catenin signaling pathway may lead to broad effects beyond CAF inhibition, 
potentially resulting in tumor progression44,45. Here, the use of an FGF2 inhibitor did not result in a significant 
tumor-promoting effect, even if it potentially promoted CAF proliferation, making it a promising option for 
combination therapies for tumors. Furthermore, KRT7 promotes the transcription of FGF2, suggesting that 
targeting KRT7 within tumor cells is a potential therapeutic approach; however, future studies are necessary 
to precisely delineate its transcriptional activities. Unlike the well-known ECM condition regulator TGF-beta, 
KRT7 did not directly changes its expression or secretion in PDAC to impact the ECM. It is possible that tumor-
derived TGF-beta may not be necessary for the formation of a metastatic ECM niche. Furthermore, a positive 
correlation between MMPs and KRT7 mRNA expression has been reported in breast cancer, which reflects the 
potential complicated role of KRT7 in promoting tumor EMT32. However, the interactions between KRT7 and 
other EMT-related molecules in PDAC still needs to be investigated and confirmed in the future.

Fig. 5.  KRT7 promotes metastasis-conducive ECM niche formation by inhibiting CAF infiltration through 
FGF2. (A) Western blot analysis of TGF-beta levels in PANC1 cells and analysis of TGF-beta levels in the 
corresponding culture medium by ELISA. (B) Western blot analysis of FGF2 levels in PANC-1 cells and 
analysis of TGF-beta levels in the corresponding culture medium by ELISA. (C) The RNA level of FGF2 in 
PANC1 and ASPC1 cells. (D) Analysis of FGF2 levels in primary tumor tissue homogenates from BALB/c nude 
orthotopic model mice by ELISA. (E) Correlation analysis between KRT7 RNA levels and FGF2 RNA levels 
according to data from the online ENCORI PDAC dataset. (F,G) Representative images of α-SMA staining 
and picrosirius staining of primary tumors from BALB/c nude orthotopic model mice that received different 
treatments (saline treatment or FGF2 inhibitor treatment (NSC12, 2.5 mg/kg, iv. 3×/week)); n = 8 mice per 
group. The mice were sacrificed 6 weeks after injection. (H) ECM assembly in an in vitro Transwell invasion 
assay; scale bar: 50 μm. (I‒K) Incidence of liver metastasis, number of liver metastasis nodes and tumor 
weight in BALB/c nude orthotopic tumor model mice that received different treatments (saline treatment or 
FGF2 inhibitor treatment (NSC12, 2.5 mg/kg, iv. 3×/week)); n = 8 mice per group. The mice were sacrificed 
6 weeks after injection. (L) Body weights of BALB/c nude orthotopic tumor model mice that received different 
treatments (saline treatment or FGF2 inhibitor treatment (NSC12, 2.5 mg/kg, iv. 3×/week)).
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Conclusion
In conclusion, this study revealed the pivotal role of KRT7 in triggering prometastatic niche formation to 
promote PDAC liver metastasis. KRT7 promotes FGF2 secretion by PDAC cells to inhibit CAF proliferation and 
decrease ECM deposition. These findings provide a basis for the clinical application of strategies that target FGF2 
to inhibit PDAC liver metastasis.

Fig. 6.  FGF2 inhibits CAF proliferation and the transcription of ECM-related genes through the Wnt-β-
catenin signaling pathway. (A) Diagram of the indirect coculture system. (B,C) Western blot analysis of 
FGFR1, PCNA and β-catenin levels in cocultured CAFs (24 h) treated with or without SKL2001 (10 μM). (D,E) 
RNA levels of ECM-related genes in cocultured CAFs (24 h) treated with SKL2001 (10 μM) or NSC12 (1 μM). 
(F,G) Representative protein levels of ECM-related genes in cocultured CAFs (24 h) treated with SKL2001 
(10 μM) or with NSC12 (1 μM).
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Data availability
All the data generated or analyzed during this study are included in the supplementary information files.
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