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TGF-B1-mediated downregulation of L1ICAM in pancreatic
ductal adenocarcinoma drives upregulation of collagen 17A1
and MMP2, facilitating tumor invasiveness and metastasis
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The highly fibrotic microenvironment of pancreatic ductal adenocarcinoma (PDAC) poses significant challenges for effective
treatment, particularly in drug delivery and tumor progression. Our study investigates the role of collagen dynamics in PDAC,
revealing that TGF-B1 negatively regulates the expression of L1 cell adhesion molecule (L1CAM), leading to a more invasive tumor
phenotype. We identify a subset of PDAC cells with low L1CAM expression (L1.) that actively influences collagen deposition and
remodeling, as evidenced by the upregulation of collagen 17A1 (COL17A1) and matrix metalloproteinase 2 (MMP2), both
associated with poor prognosis. In vivo studies demonstrate that L1, cells correlate with increased collagen deposition, reduced
sensitivity to gemcitabine, and heightened liver metastasis. The secretion of COL17A1 and MMP2 by these cells enhances their
migratory capabilities and contributes to the formation of a fibrotic stroma that facilitates tumor progression. This interaction
underscores the critical role of collagen in shaping the tumor microenvironment and promoting aggressive tumor behavior.
Notably, treatment with Tranilast significantly reduced collagen deposition and MMP2 levels while promoting L1CAM expression,
suggesting a therapeutic avenue for counteracting the aggressive characteristics of L1, cells. By modulating collagen dynamics
and enhancing drug delivery, Tranilast may improve treatment outcomes for patients with low L1CAM-expressing tumors.
Understanding the mechanisms by which L1, cells contribute to collagen secretion and tumor aggressiveness is essential for

developing effective interventions in pancreatic cancer.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a devastating and
essentially incurable disease, with an overall 5-year-survival rate
of ~8% due to late diagnosis and high chemoresistance [1].
Incidence and mortality are increasing dramatically and only
~20% of pancreatic cancer patients are eligible for surgical
resection. Hence, PDAC is predicted to become the second
leading cause of cancer-related death by 2030 [2, 3]. PDAC is
characterized by a pronounced resistance to radiation, cytotoxic
and molecular-targeting therapies [4, 5]. This resistance is
partially attributed to the prominent desmoplastic reaction,
which consists of dense fibrotic stroma covering over 90% of
the tumor volume [6]. Desmoplasia is the result of the activation
and increased proliferation of myofibroblasts-like cells, in

particular pancreatic stellate cells (PSCs) and cancer-associated
fibroblast (CAFs), and is also accompanied by augmented
deposition of different extracellular matrix (ECM) proteins, such
as collagen, hyaluronans, laminins and fibronectin [7-9]. Fibrillar
collagen, particularly collagen | and IV, are the most abundant
ECM components, accounting for up to 80% of ECM mass. Fibrillar
collagen has been considered pro-tumorigenic: a scaffold and
reservoir for soluble growth factors that serve as a nutrient source
for cancer cells and a physical barrier that increases chemoresis-
tance [10-13]. Furthermore, fiber collagen orientation, cross-
linking and remodeling have emerged as promising diagnostic
markers. More than 25% of the amino acids in collagen are
incorporated as proline and half of them are hydroxylated by the
prolyl-4-hydroxylase (P4H) within the endoplasmic reticulum.
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Hydroxylation of proline residues is a critical modification
required to stabilize the triple helix of collagen [14]. Despite
improvements in the understanding of the molecular mechan-
isms underlying pancreatic cancer biology and in defining new
curative strategies, the therapeutic needs for this disease have
not yet been fulfilled. Collagen fibrils are mostly synthesized and
secreted by stromal cells, although cancer cells also deposit a
small fraction of the total tumor collagen [15, 16]. Interestingly,
the significance of tumor cell-derived collagen in PDAC growth,
progression and ECM stiffness has been largely overlooked.
Recently, we demonstrated that PDAC tumors with a more
aggressive phenotype (i.e., high stroma and high TGF-1 content)
exhibit reduced levels of L1 cell adhesion molecule (L1CAM, L1)
[17]. L1 was originally discovered in the nervous system due to its
important function for axon guidance and cell migration [18, 19].
In the last few years many in vitro and in vivo studies have
conferred to L1CAM a tumor promoting role and its expression is
generally associated with poor prognosis [20-24]. Nevertheless,
the role of L1 in pancreatic cancer remains unclear. Whereas there
is a positive correlation between L1 expression and poorly-
differentiated neuroendocrine pancreatic cancers [25], in PDAC
patients, the expression of L1 is barely detectable [26-28].
Recently, we demonstrated that patients with high levels of L1
have a better outcome; thereby, L1 acts as a tumor suppressor
gene for PDAC [17]. In detail, we found that PSCs secreted high
levels of TGF-B1, which promotes a more stem-like and
aggressive phenotype in PDAC cells through the downregulation
of L1. In this study, we provide a deeper insight into the molecular
mechanism underlying the role of L1 in PDAC progression,
metastasis and tumor fibrosis. Transcriptome analysis identified
L1CAM-induced differentially expressed gene networks asso-
ciated with matrisome secretion and collagen remodeling, with
the most highly induced transcript being collagen type XVIl alpha
1 chain (COL17A1). L1,,-mediated collagen secretion and
aggressiveness were effectively suppressed by inhibiting TGF-
B1 in vitro, indicating that the loss of L1ICAM empowers PDAC
cells to overcome the growth and invasion constraints imposed
by the extracellular matrix. Treatment of mice orthotopically
injected with L1-Knocked Down PDAC cells (L1xp) with the small
molecule inhibitor Tranilast (TRL, Rizaben® CAS 53902-12-8),
which is an approved drug for asthma and glaucoma (EMA/
COMP/234320/2010), targeting TGF-f and collagen, resulted also
in a notable reduction in matrix metalloproteinase 2 (MMP2)
expression- an essential factor for tumor cells invasion- and
effectively eliminated liver metastasis [29-31]. Notably, TRL
treatment enhanced the tumor’s response to Gemcitabine by
decreasing collagen and MMP2 levels while simultaneously
increasing L1CAM expression. These findings reveal an ancillary
role for decreased L1CAM signaling in advanced pancreatic
cancer to promote extracellular matrix remodeling that enables
invasive tumor growth by overcoming microenvironment-
imposed proliferation restraints. An implication of these results
is that TGF-B1/collagen inhibitor administration to pancreatic

cancer patients might reverse the ability of pancreatic cancer
cells to bypass the growth-restraining properties of tumor-
associated desmoplasia.

MATERIALS AND METHODS

Cell cultures

Human primary pancreatic stellate cells (PSC, HUM-ICELL-GO03) and the
patient xenograft-derived primary cell line #354 (Tissue derivation: primary
pancreatic tumor; Carcinoma type: pancreatic ductal adenocarcinoma)
were cultured in RPMI, 10% FBS, and 50 units/ml penicillin/streptomycin
[32]. The human PDAC cancer cell line L3.6pl (Tissue derivation: metastatic
lymph node; Carcinoma type: adenosquamous carcinoma) was maintained
in DMEM, 10% FBS, and 50 units/ml penicillin/streptomycin [32]. Their
identity (annually) and Mycoplasma free-state (bi-weekly) were routinely
tested by DNA fingerprinting using short tandem repeat (STR) profiling,
and by PCR-based, MycoAlert Mycoplasma Detection Kit (Lonza,
Bioscience), respectively. Each cell line was used within passage 4/5 since
their thawing from originally frozen vials.

RNA preparation and real-time quantitative PCR

Total RNAs were extracted with Eurogold TRIFAST kit (Euroclone) according
to the manufacturer’s instructions. One microgram of total RNA was used
for ¢cDNA synthesis with High-Capacity reverse transcriptase (Thermo-
fisher). Quantitative real-time PCR was performed using SYBR Green PCR
master mix (Thermofisher), according to the manufacturer’s instructions.
The list of utilized primers is shown in Table 1.

Protein isolation and western blot analysis

Cells were lysed with RIPA buffer (50 mM Tris-HCl at pH 7.6, 150 mM Nadl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 5mM EDTA plus
proteases and phosphatases inhibitors) for 1h at 4°C. Total protein
guantification was performed with Bio-Rad Protein Assay Dye Reagent
concentrate. A total of 100 pg of protein was separated on 15% SDS-PAGE
gels at 100V and transferred to PVDF membranes for 2 h at 200 mA. PVDF
membranes were hybridized with antibodies against human HyP (37067,
Abcam), pSMAD2 (3108; Cell Signaling), SMAD2 (#5339; Cell Signaling),
GAPDH (SC-32233, Santa Cruz Biotech), treated with peroxidase-
conjugated goat anti-mouse or anti-rabbit g secondary antibody (DPVR-
HRP, Immunologic), and then visualized by enhanced chemiluminescence
(ECL Nova 2.0 XLS071, 2050 Cyanagen). n > 6.

Lentiviral shRNA delivery

As a lentiviral shuttle backbone, we used a pLKO shRNA plasmid (Mission
SIGMA). L1CAM expressing plasmids (pcDNA3.1) were obtained from
Genscript (New Jersey, USA). As control we used pLKO shRNA empty
expression vectors. Cells were then transduced with lentiviral particles in
the presence of polybrene (8 pg/ml, Sigma). The cells were seeded at a
density of 30,000 cells per well in 24 multiwell plates and allowed to
adhere overnight. The next day, the cells were infected with the lentiviral
particles for 6 h. Stably transduced cells were obtained using puromycin
resistance (1 pg/mL).

Flow cytometry and cell sorting
Flow cytometry analysis or flow cytometry cell sorting were performed
using anti-human L1CAM-PE (A18361, Life technologies) and anti-human

Table 1. List of primers.

Gene symbol Forward primer (5'- > 3) Reverse primer (5'- > 3')
L1CAM CACTATGGCCTTGTCTGGGA ACATACTGTGGCGAAAGGGA
COLT1AT ATGACCGAGACGTGTGGAAA CAGTGTCTCCCTTGGGTCC
COL5A2 CCGGGTCTAGCTGGTGAAAG TCTCCTCTAGGTCCTAACGGG
COL7A1 CGCCAAGAGATGAGTCAGCAC CTCTGCAGGTAGGGCAGGGT
COL12A1 CCACAGGTTCAAGAGGTCCC TGTGTTAGCCGGAACCTGGA
COL17A1 CTGACTTTGCTGGAGATCTGG TAGGCCATCCCTTGCAGTAG
MMP2 ATAACCTGGATGCCGTCGT AGGCACCCTTGAAGAAGTAGC
GAPDH CAGGAGCGAGATCCCT GGTGCTAAGCAGTTGGT
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COL17A1 (MA5-31984, Invitrogen) followed by incubation with secondary
anti-rabbit antibody (A21206, INVITROGEN). 7AAD (BD) was used for the
exclusion of dead cells. Samples were analyzed by flow cytometry using a
FACS Canto Il (BD) and data were analyzed with FlowJo 9.2 software
(Ashland, OR). Experiments were repeated a minimum of three times
independently, with triplicate samples.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde (PFA) for 20 min at room
temperature. After blocking with 5% bovine serum albumin in PBS-Triton
0.1%, cells were incubated with the unconjugated primary antibody: HyP
(1:400 dilution), L1CAM (HPA005830, Sigma-Aldrich, 1:100 dilution),
pSMAD2 (1:100 dilution) and COL17A1 (MA5-31984, Invitrogen, 1:100
dilution), overnight at 4 °C in the dark, and the day after, counterstained
with a fluorescent-conjugated secondary antibody used at 1:200 dilution.
The nuclei of cells were stained by incubating with DAPI (SIGMA). Images
were acquired at room temperature using the LEICA DMI6000 inverted
microscope (Leica, Heidelberg, Germany) on a DC 350 FX camera (Leica).

Migration assays

Migration assays were performed using Boyden chambers (Corning).
Briefly, PDAC (L1empty, L1xps or L1°V¢") cells were treated biweekly for a
week with 120 uM of TRL (HY-B0195, MedChem Express) or 25 nM of BB-94
(HY-13564, MedChem Express). Then, 2.5 x 10* L3.6pl cells were added to
the inserts of the chamber for 22 h at 37 °C. Migrated cells were fixed in 4%
PFA and stained with DAPI. The ratio of cells in the lower chamber versus
total seeded cells was calculated. The Student’s t test assessed statistical
significance.

Conditioned media

PDAC cells were maintained in DMEM media supplemented with 0.5% FBS
and 50 units/ml penicillin/streptomycin. Conditioned media was collected
three days after plating, centrifuged and filtered prior to incubation for
24 h with PSC cells.

Gelatin degradation (invasion) assay

Fluorescent-coated coverslips were prepared as described previously [33].
PDAC cells were plated on gelatin-coated coverslips in a 24-well plate and
fixed after 24 and 48 h with 4% PFA (v/v) for 15 min at room temperature.
Then, filamentous actin and nuclei were stained using Alexa Fluor™ 488
Phalloidin (Invitrogen) and Hoechst 33342 (Invitrogen), respectively.
Images were acquired using a confocal microscope (LSM 510; Zeiss), and
degradation areas were quantified using Image)J software.

Cell treatment

PDAC cells were seeded in a 6-well plate and after 24 h were treated with
120 uM of TRL either alone or in the presence of 10 ng/ml of recombinant
TGF-B1 (rTGF-B1, 100-21, Peprotech), biweekly for a week. Cells were
harvested with EDTA-trypsin, washed twice with PBS 1X, and collected by
centrifugation (13,000 rpm per 5 min) for RNA or protein extraction.

Tumor growth

All animal experiments have been approved by the local ministry (IACUC
protocol n°1010/2023-PR) and were performed in the animal facility under
pathogen-free conditions. Single-cell suspensions of 2.5 x 10° #354 cells
were subcutaneously injected into 6-week-old nude athymic CD1 male
mice (Charles River Laboratories). When tumors reached 100 mm? (around
15 days post-injection), mice were randomized and treated with vehicle
(PBS 1X), TRL (50 mg/kg of mice), Gemcitabine (100 mg/kg of mice, HY-
B0003, MedChem Express) alone or in combination, biweekly for three
weeks via intraperitoneal (i.p.) injection. Tumor growth was monitored
visually and by caliper bi-weekly. Tumor diameter and volume were
calculated based on caliper measurements of tumor length and height
using the formula: tumor volume = (length x width?)/2. For ethical reasons
mice were sacrificed when tumors reach a maximum volume of
1500-2000 mm?>.

Orthotopic assay

Single-cell suspensions of 8 x 10° L3.6pl (L1empty, L1xp# or L1°¥¢") cells
were slowly injected into the pancreas of 6-week-old nude athymic CD1
male mice (Charles River Laboratories) (n = 4 per group). One week after
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the injection of tumor cells, mice were randomized based on their body
weight and treated with vehicle (PBS 1X), TRL (50 mg/kg of mice), Gem
(100 mg/kg of mice) alone or in combination, biweekly for three weeks
via intraperitoneal (i.p.) injection. After 2 months from the injection, mice
were sacrificed and pancreas and livers were excised, photographed and
fixed in 4% PFA for the histological analyses.

Hematoxylin/Eosin and picrosirius red staining in FFPE
According to standard procedures, Hematoxylin and Eosin (H&E) staining
was carried out using 4-um FFPE tissue sections. Briefly, the sections on
slides were submerged into Lillie-Mayer's hematoxylin solution (Sigma) for
10 min, then rinsed in tap water for 2 min. Subsequently, the slides were
submerged into 2% alcoholic eosin solution (Sigma) for 2 min.

For Picrosirius Red staining (24901-250, Polysciences Inc.), tumor
sections were incubated with Sirius Red according to standard procedures.
Briefly, sections were incubated with 0.1% Sirius Red solution dissolved in
aqueous saturated picric acid for 1 hour and washed rapidly in 5% acetic
acid. Slides were drained well, and sections were dehydrated through an
ascending alcohol bath series (30, 50, 70, 95, and 100%, 1 min each) and
cleared in xylene (Sigma) for 5 min. Finally, the slides were air-dried and
mounted in Distyrene Plasticizer Xylene (D.P.X.) for histology (Sigma). Each
sample was observed using a light LEICA DM6000 inverted microscope
(Leica, Heidelberg, Germany) with a DC 350 FX camera (Leica).

IHC and IF in FFPE

Immunostainings were carried out using 4-um tissue sections according to
standard procedures. For IHC, after antigen retrieval, samples were blocked
with Peroxidase-Blocking Solution (Dako, $202386) for 10 min at room
temperature, and primary anti-Human Nuclei Antibody (MAB4383, Sigma-
Aldrich) was then incubated with samples overnight. Slides were washed
with EnVision FLEX Wash Buffer (Dako, K800721), and the corresponding
secondary antibody was incubated with the sample for 60 min at room
temperature. Samples were developed using 3,3’-diaminobenzidine,
counterstained with hematoxylin and mounted. Images were acquired
using a digital image scanning (Nanozoomer 2.0HT, Hamamatsu) and
cropped using NDP.view2. For IF, antibodies against human L1CAM
(HPA005830, SIGMA), human COL17A1 (MA5-31984, Invitrogen), MMP2
(40225, Cell Signaling) and murine COL1A1 (AB765P, Millepore) were used
at a 1:100 dilution overnight at 4°C in the dark. The nuclei of the cell were
stained with DAPI. Images were acquired using a Nikon A1 microscope.
The area % stain represents the ratio of the summed absolute areas of
staining versus the total tissue. The area % stain was analyzed by Fiji
ImageJ version v3.2.28.

Gene expression data sets and GSEA analyses

The gene expression data sets used in this study are publicly available. The
TCGA dataset was downloaded from The Cancer Genome Atlas (TCGA;
http://xena.ucsc.edu).

RNA-sequencing analysis

Total RNAs were extracted with Eurogold TRIFAST kit (Euroclone)
according to the manufacturer’s instructions. TruSeq stranded mRNA
libraries were run on the Illlumina NextSeq 500 at Genomix4Life (https://
www.genomix4life.com/en/bioinformatic_technologies.html.

We generated 40 million reads per lane and paired-end reads from
sequencing were trimmed from adaptors and quality checked by the
sequencing service. Reads were aligned against the human reference
sequence GRCh38 (hg38) from the Genome Reference Consortium using
BWA (Li 2009). Read counts per gene were determined using the feature
Counts method from the Subread R package (Liao 2014) based on the
gene information in the gtf available here ftp:/ftp.ensembl.org/pub/
release-94/gtf/homo_sapiens/Homo_sapiens.GRCh38.94.gtf.gz. Gene sig-
natures (Hallmark genesets) were downloaded from GSEA—Molecular
Signature Database for Gene set enrichment analysis. RNA-seq data for
Lliow and L179" cells is available at https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE268948 under accession number GSE268948.

Single cell data analysis from publicly-available datasets

For the single-cell atlas of human PDAC, the fully integrated dataset was
downloaded from the Zenodo repository (https://zenodo.org/records/
6024273) and loaded in R using the Seurat package [34]. Cell type
characterization and annotations were retrieved from the metadata slot,
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while the expression of selected genes was plotted using the FeaturePlot
function of Seurat. For the GSE154778 dataset, files in the 10X format
(barcodes, matrix, genes tables) were downloaded from the GEO database,
and loaded in R using the Seurat package [35]. Datasets from primary
tumors were integrated and analyzed as previously described [36]. After
analysis and clustering, ductal-like cells were identified employing a panel
of published expressed genes [37]. The expression and the violin plots for
selected genes were obtained using the FeaturePlot and ViolinPlot
function of Seurat, respectively. Cluster 7 cellular composition was inferred
using SuperCT, a supervised-classifier approach published in literature [38],
which gives an accurate prediction based on an a priori learning.

Statistical analysis

Results for continuous variables are presented as means + standard deviation
(SD) unless stated otherwise of at least three independent experiments.
Treatment groups were compared with the independent samples t test. Pair-
wise multiple comparisons were performed with the one-way ANOVA (two-
sided) with Bonferroni adjustment. The disease-free interval of patients was
calculated using the Kaplan—-Meier method, and differences among subgroups
were assessed by the log-rank test. Experiments were performed a minimum
of three independent times and always performed in independent triplicate
samples. gPCR analyses were repeated a minimum of five independent times
in triplicate. p < 0.05 was considered statistically significant. All analyses were
performed using GraphPAD Prism7. Correlation analysis were performed
applying the Pearson’s correlation coefficient. The sample size for the in vivo
experiments was determined based on power calculation analysis conducted
using the G*Power 3.1 program.”

RESULTS
COL17A1 expression is dysregulated in L1, epithelial
cancer cells
To |nvest|gate the transcriptional differences between L1, and
L1M9h populations, we FACS sorted metastatic PDAC cells (Supple-
mentary Fig. 1a) followed by mRNA sequencing (RNA-seq). This
analysis identified 19,364 differentially expressed genes (DEGs)
(Supplementary Table 1). We filtered these genes for the most
upregulated (logFC > 2.5) and downregulated (logFC > —2.5) genes
with a significance threshold of false dlscovery rate (FDR < 0.5) and p-
value < 0.05 in L1, cells compared to L1"9" cells (Supplementary
Fig. 1b). Gene Ontology (GO) analysis revealed an enrichment of
genes involved in cell proliferation, adhesion, extracellular matrix
(ECM) organization and collagen degradation in L1,,,, cells compared
to L1hion (Supplementary Fig. 1c). The Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis identified significant enrich-
ment in genes related to cytoskeleton regulation, PPAR signaling,
focal adhesion, folate biosynthesis, and axon guidance, suggesting
that these pathways may contribute to the altered cellular behavior
and aggressiveness of L1, cells (Supplementary Fig. 1d). Gene Set
Enrichment Analysis (GSEA) further showed that L1, cells were
enriched for genes associated with matrisome composition and
collagen formation (Fig. 1a and Supplementary Fig. 1e) compared to
L1M9 cells. Among the most significantly upregulated genes in L1j,y
cells, COL17A1 stood out (Fig. 1b). Analysis of the TCGA transcriptome
dataset demonstrated an inverse correlation between COL17AT and
L1CAM expression in PDAC (Fig. 1c). Notably, COL17A1 expression was
significantly higher in PDAC tissues (n=179) compared to normal
pancreatic tissues (NP, n=171) (Fig. 1d). Furthermore, patients with
elevated COL77AT mRNA levels exhibited poorer prognosis than
those with lower levels (Fig. 1e and Supplementary Fig. 2a).
Interrogating the single-cell RNA sequencing (scRNA-seq) Atlas
database [39], which includes 10 functionally distinct clusters of both
tumor and normal samples (Fig. 1), we observed mutually exclusive
expressions patterns of L1CAM and COL17A1 (Fig. 1f-h). Remarkably,
COL17A1 (Fig. 1h) was highly expressed in the “ductal cell type 2"
cluster, composed by malignant epithelial cells. In another scRNA-seq
experimental setting where tumors were micro-dissected into
epithelial and stromal compartments, we identified 17 distinct cell
clusters (Supplementary Fig. 2b—d). We categorized these populations
into two groups: “Ductal-like” (epithelial cells) and “Stromal”
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(fibroblasts, endothelial cells, and immune cells) (Fig. 1i) [35]. In this
setting the expression of L1CAM and COL17A1 remained mutually
exclusive (Fig. 1j, k). Lastly, FACS analysis confirmed that COL17A1 is
predominantly expressed in epithelial tumor cells (L3.6pl and #354)
compared to stromal cells (PSC), (Supplementary Fig. 2e). These
finding suggest a distinct population of epithelial tumor cells with
high COL17A1 expression in PDAC tumors.

L1CAM modulation shapes collagen in PDAC tumors

We validated the transcriptomic data through gPCR analysis using
both L1CAM-sorted cells (L1, and L1"'9") (Supplementary Fig. 3a, b)
and cells engineered for stable downregulation (via lentiviral ShRNA,
L1¢p) or upregulation (via lentiviral cDNA expression vector, L1°V") of
L1CAM (Fig. 2a, b and Supplementary Fig. 3c—f). Both L1p and L1,
cells exhibited significantly higher levels of COL17A1 compared to
their counterparts, while overexpression of L1CAM showed the
opposite trend. The modulation of COL17AT1 protein expression
based on L1CAM levels was further confirmed by flow cytometry
(Fig. 2c and Supplementary Fig. 3g). Next, we employed the Sircol
Collagen Assay to measure the in vitro collagen secretion capacity of
epithelial cancer cells. This assay revealed that L1yp cells secreted
significantly higher quantities of both acid-soluble and pepsin-
soluble collagens compared to Llempty and L1°*" (Fig. 2d and
Supplementary Fig. 4a). Hydroxyproline (HyP), a major component of
fibrillar collagen crucial for stabilizing collagen structure [40], was
analyzed through immunofluorescence (IF) (Fig. 2e) and western
blotting (Supplementary Fig. 4b, c), revealing an inverse correlation
between L1 and HyP levels. In a previous publication, we
demonstrated that L1,,./kp cells were more aggressive than their
high/empty counterparts when subcutaneously injected into the
flanks of CD-1 immunocompromised mice [17]. In this study, we
histologically analyzed the tumors generated from these two types of
cells (Supplementary Fig. 4d) for collagen content. Tumors from
L1iow/L1kp exhibited prominent desmoplasia, as observed by
Hematoxylin and Eosin -H&E- staining (Fig. 2f and Supplementary
Fig. 4e), along with increased collagen content as indicated by Sirius
Red staining (Fig. 2f, g and Supplementary Fig. 4e, f). Using
multiphoton microscopy and second harmonic generation (SHG),
we assessed structural changes in the extracellular matrix of the
tumors. SHG analysis demonstrated an augmented fraction of
collagen and an increased assembly degree in tumors generated
by L1j,w/L1kp cells compared to their counterparts (Fig. 2f~h and
Supplementary Fig. 4e-g). These results corroborate our previous
observation that reduced expression of L1 contributes to an increase
in collagen content within PDAC tumors. Furthermore, immuno-
fluorescence (Fig. 2f and Supplementary Fig. 4e) confirmed elevated
expression of COL17A1 in tumors with low levels of L1. Our findings
suggest that while L1, cells contribute to collagen secretion,
specifically COL17A1, the abundance of collagen in tumors generated
by these cells cannot be solely attributed to epithelial cells. Staining
with murine COL1A1 demonstrated significant collagen content in
L1jowip-derived tumors (Fig. 2f and Supplementary Fig. 4e). We
hypothesized that L1, cells can produce collagen via an autocrine
mechanism while also stimulating paracrine secretion in stromal cells
(Fig. 2i). This hypothesis was validated in vitro through a soluble
collagen assay and qPCR analyses of pancreatic stellate cells (PSCs)
treated with conditioned medium (c.m.) from both L1empty and L1yp
cells (Fig. 2I, j). Notably, only treatment with c.m. from L1p cells
induced expression of collagen genes COL17A1 and COL1AT in PSCs
(Fig. 2k, | and Supplementary Fig. 4h).

TGF-B1-mediated downregulation of L1CAM enhances
COL17A1 and MMP2 levels

We previously reported that TGF-B1 downregulates L1CAM
expression in PDAC, leading to a more aggressive tumor
phenotype [17]. Here, we investigated whether the enhanced
capacity of cells with low L1CAM levels to upregulate COL17A1 is
associated with increased TGF-B1 signaling activity (Fig. 3a).
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Fig. 1 Inverse correlatlon between L1 and epithelial tumor cell-derived COL17A1 assoaated with dismal prognosis. a Enrichment plot for
L1jow versus L1M9" FACS-sorted L3.6pl cells. b Volcano plot comparing L1,y versus L1M9" FACS-sorted L3.6pl cells. Genes found to be
differentially expressed in the RNA-seq analysis are shown in red (downregulated) and blue (upregulated). Red and orange circles denote
genes of interest. ¢ Inverse correlation between COL17A1 and L1CAM in PDAC samples in the TCGA repository. d Boxplots showing the
differential expression of COL17A1 in PDAC samples versus normal tissue (NP) in the TCGA dataset. e Kaplan-Meier curves showing overall
survival of PDAC patients, stratified according to the median value of COL17A1 expression. f Uniform manifold approximation and projection
(UMAP) of six integrated single-cell datasets derived from human pancreatic adenocarcinoma samples [27]. Clusters are color-coded
according to the assigned cell type. g Feature plot of L1CAM gene expression in the PDAC atlas dataset (in e). Color shows average expression.
h Feature plot of COL17A1 gene expression in the PDAC atlas dataset (in e). Color shows average expression. i Dimensional reduction plot
(DimPlot) of stromal versus ductal (tumor) cells identified by scRNA-Seq in PDAC primary tumors. Populations are color-coded based on the
expression of known markers and are visualized using t-SNE. j Feature Plot for L1CAM expression in multiple cell types identified by scRNA-Seq
in PDAC primary tumors. Clusters are color-coded based on L1CAM expression and are visualized using t-SNE. k Feature Plot for COL17A1
expression in multiple cell types identified by scRNA-Seq in PDAC primary tumors. Clusters are color-coded based on L1CAM expression and
are visualized using t-SNE. For all panels, * indicates p < 0.05.
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Analysis of the TCGA dataset revealed an inverse correlation
between COL17A1 and TGF-B1 levels in PDAC (Fig. 3b). To assess
the direct involvement of TGF-B1 in modulating COL17A1 levels,
we treated L1-empty, L1¢p, and L1°¥¢" L3.6pl and #354 cells with
recombinant TGF-B1. We observed increased phosphorylation of
SMAD?2 (pSMAD?2), a key mediator of the canonical TGF-f signaling
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pathway [41], in L1yp cells compared to L1empty and L cells
across both cell lines (Fig. 3c and Supplementary Fig. 5a, b).
Notably, this increase in pSMAD2 levels was accompanied by
upregulation of COL17A1 (Fig. 3d) and downregulation of L1CAM
(Fig. 3e). To determine whether inhibition of the TGF-3 signaling
pathway could reverse this phenotype, we tested the effect of
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Fig.2 L1 expression influences collagen levels in PDAC. a gPCR analysis for L7 and COL17A1 expression in L3.6pl cells (L1empty, L1¢ps; and
L1°¥®"). Data are normalized to GAPDH expression. b qPCR analysis for LT and COL17A1 expression in #354 cells (L1empty, L1xpg; and L1°V),
Data are normalized to GAPDH expression. ¢ Flow cytometry quantification of COL17A1 expression in L3.6pl and #354 cells (L1empty, L1xps1
and L1°¥®). d Quantification of extracellular collagen by Sircol assay in L3.6pl and #354 (L1empty, L1xps and L1°V®) cells. e Representative
immunofluorescence images for Hydroxyprolin (HyP, red) in L3.6pl and #354 PDAC cells (L1empty, L1xpg; and L1°V€"). The nuclei were stained
in blue (DAPI). f Representative histological sections of xenografts derived from Llempty and L1xps, L3.6pl cells. Tumor sections were
(immuno)stained with Hematoxylin & Eosin (H&E), Sirius Red, Second Armonic Generation (SHG), human COL17A1 and murine COL1A1. The
nuclei were stained in blue (DAPI). S stroma, T tumor. g Quantification of collagen content in Sirius Red-stained sections. h Quantification of
Collagen Assembly Degree and Collagen Fraction in SHG images. i Schematic representation of conditioned medium (c.m.) experiment.
Created with BioRender.com. j Quantification of extracellular collagen by Sircol assay in PSC cells grown for 24 h in the presence of L3.6pl
(L1Tempty and L1gpgq) c.m. k qPCR analysis for COL17A1 expression in PSC cells grown for 24 h in the presence of L3.6pl (L1empty and L1¢ps1)
c.m. Data are normalized to GAPDH expression. *p < 0.05, **p < 0.005, ***p < 0.0005. | qPCR analysis for COLTAT expression in PSC cells grown
for 24 h in the presence of L3.6pl (L1empty and L1xpy) c¢.m. Data are normalized to GAPDH expression. *p < 0.05, **p < 0.005, ***p < 0.0005.

Tranilast (TRL), an antifibrotic compound that inhibits Smad2
activation upon stimulation by TGF-f1 [30] and influences
collagen matrix deposition [31]. IF analysis demonstrated that
TRL effectively reduced pSMAD2 levels induced by TGF-f31
treatment, indicating successful inhibition of TGF-f signaling
(Fig. 3c). Furthermore, administration of TRL in combination with
TGF-B1 increased L1CAM expression while concurrently decreas-
ing COL17A1 expression (Fig. 3d, e). These results were further
confirmed by gPCR and Western Blotting analyses on L3.6pl and
#364 wild-type cells, demonstrating that TRL counteracts the
effects of TGF-B1 by reducing pSMAD2 and COL17A1 levels and
stimulating L1CAM expression (Supplementary Figs. 5c and 6a).

The increased aggressiveness of L1,,,, cells is counteracted by
anti-collagen treatment

The repurposing of approved antifibrotic drugs that target collagen
synthesis and maturation as potential agents against cancer has
garnered increased attention [42, 43]. To assess the ability of TRL to
inhibit collagen production in PDAC, we performed in vitro treat-
ments using TRL alone on L3.6pl and #354 cells with varying levels of
L1 expression. gPCR analysis showed that TRL significantly reduced
COL17AT1 expression, particularly in L1xp cells, which exhibited the
highest COL17A1 levels (Fig. 4a, b and Supplementary Fig. 6b). Of
note, TRL demonstrated superior effects compared to Halofuginone,
a well-known antifibrotic drug (Supplementary Fig. 6c) [44].
Interestingly, the effects of TRL were associated with an increase in
L1 expression (Fig. 4a, b and Supplementary Fig. 6b). The soluble
collagen assay further confirmed TRL's effectiveness in diminishing
collagen secretion in Llxp cells, with more pronounced effects
observed in L1°¥¢" cells (Fig. 4c). Consistent with these findings, we
demonstrated that TRL also reduced collagen secretion from PSC
stimulated by cm. from PDAC cells (Supplementary Fig. 6d). IF
analysis revealed that TRL treatment nearly abolished Hyp levels in
L1yp cells (L3.6pl) and significantly reduced Hyp levels in #354 cell line
(Fig. 4d and Supplementary Fig. 6d). Moreover, TRL suppressed cell
aggressiveness by inhibiting migration (Supplementary Fig. 6f, g), and
it was found to be more effective than Batimastat (BB-94), a well-
known inhibitor of matrix metalloproteinases (MMPs), which play a
critical role in cancer migration and tumor spread (Supplementary
Fig. 7a, b). Interestingly, TRL also inhibited cellular invasion,
demonstrating superior efficacy compared to BB-94 (Fig. 4e, f and
Supplementary Fig. 7c-f). RNA-seq analysis suggested that the
enhanced aggressiveness of PDAC cells with low L1CAM levels was
driven by increased expression of MMPs, particularly MMP2 (Fig. 1b).
We found that MMP2 expression was significantly higher in PDAC
tissues (n = 179) compared to normal pancreatic tissues (NP, n = 171)
(Supplementary Fig. 8a) and its expression correlated with poor
prognosis (Supplementary Fig. 8b). gPCR (Supplementary Fig. 8¢, d)
and western blotting (Fig. 4g) analyses on cells, along with IF on
xenografts (Fig. 4h), demonstrated that low L1CAM levels were
associated with elevated MMP2 expression compared to their high
L1CAM counterparts, confirming the RNA-seq findings. Interestingly,
we found that L1y, cells also expressed high levels of another
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metalloproteinase, namely MMP10, which is overexpressed in PDAC
patients with poorer prognosis (Supplementary Fig. 8e-h). We then
assessed whether MMP2 expression was regulated by TGF-
signaling (Fig. 4i). TCGA transcriptome analysis revealed a positive
correlation between TGF-B1 and MMP2 expression (Fig. 4j), as well as
between COL17A1 and MMP2 in PDAC tissues (Fig. 4k). Finally, gPCR
analysis showed a reduction in MMP2 expression following TRL
treatment (Fig. 4l).

TRL suppresses liver metastasis driven by L1,,,, cells

To assess the capability of TRL in inhibiting tumor growth and
cellular migration in vivo (i.e., the formation of metastases in distant
organs), we injected L1empty, L1xp, and L1°V¢" cells orthotopically
into the pancreas of CD-1 immunocompromised mice, followed by
intraperitoneal administration of TRL according to the schedule
outlined in Fig. 5a. Mice were sacrificed 60 days post-injection. We
demonstrated that only L1«p cells were capable of initiating tumors
upon injection into the pancreas, followed by the development of
liver metastases (Fig. 5b). Histological examination using an anti-
human nuclei antibody (Fig. 5¢) and H&E staining (Supplementary
Fig. 8i) confirmed the presence of primary tumors and liver
metastases. We didn’t detect L1CAM expression in the pancreas of
mice injected with L1yp cells (Fig. 5d), while tumors showed positive
staining for COL17A1 and MMP2 (Fig. 5e, f). Notably, although
treatment with TRL had no effect on the inhibition of primary tumor
formation in the pancreas (Fig. 5b), it significantly reduced the
expression of COL17A1 and MMP2 (Fig. 5e, f). In the liver, TRL
treatment markedly decreased the formation of metastases
exclusively formed by L1yp cells (Fig. 5b, g), which was accompanied
by an increase in L1CAM levels and a reduction in COL17AT1,
pSMAD2 and MMP?2 levels (Fig. 5h). Given that it is unlikely that only
L1kp cells are secreting large amounts of collagen, we hypothesized
that the effects could also be non-cell autonomous, potentially
involving recruitment of murine stromal cells. IHC using a murine-
specific marker for COL1A1 revealed strong positivity for this marker
(Supplementary Fig. 8j). However, TRL treatment did not interfere
with COL1A1 expression in primary tumors (Supplementary Fig. 8j).
In contrast, we observed a significant reduction in COL1A1
expression following TRL treatment at the metastatic site (Supple-
mentary Fig. 8k).

TRL synergizes with gemcitabine to reduce tumor fibrosis

To evaluate the capacity of TRL to synergize with Gemcitabine
(GEM) we conducted an in vivo experiment involving the
subcutaneous injection of #354 cells into nude mice (Fig. 6a).
Both GEM and TRL individually demonstrated the ability to
decrease tumor volume without any observed toxicity in the
animals compared to vehicle-treated mice (CTR). However, this
effect was significantly enhanced and maintained for up to
104 days in the co-treatment group receiving GEM plus TRL (green
line, Fig. 6a, b). H&E staining revealed a significant reduction in
tumor stroma (S) with dual treatment (Fig. 6¢). Additionally, Sirius
Red staining confirmed a substantial decrease in collagen content

SPRINGER NATURE
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Fig. 3 Tranilast-mediated inhibition of TGF-B Signaling reduces COL17A1 levels and enhances L1 expression. a Schematic overview of
TRL's mechanism of action in PDAC cells. b Positive correlation between COL17A1 and TGF-B1 in PDAC samples in the TCGA repository. Created
with BioRender.com. ¢ Representative immunofluorescence images for pSMAD?2 (red) in L3.6pl (left) and #354 (right) PDAC cells (L1pg; and
L1°V¢") treated or not with 10 ng/mL of recombinant TGF-B1 in the presence or absence of 120 uM of TRL biweekly for one week. The nuclei
were stained in blue (DAPI). d Representative immunofluorescence images for COL17A1 (red) in L3.6pl (left) and #354 (right) PDAC cells
(L1kpgr and L1°V¢") treated or not with 10 ng/mL of recombinant TGF-1 in the presence or absence of 120 uM of TRL biweekly for one week.
The nuclei were stained in blue (DAPI). e Representative immunofluorescence images for LICAM (red) in L3.6pl (left) and #354 (right) PDAC
cells (L1kps and L1°V€") treated or not with 10 ng/mL of recombinant TGF-B1 in the presence or absence of 120 uM of TRL biweekly for one

week. The nuclei were stained in blue (DAPI).

(Fig. 6d). Interestingly, TRL treatment diminished the expression of
both COL17A1 and murine COL1A1 (Fig. 6e and Supplementary
Fig. 8l), with this reduction being particularly pronounced in the
dual treatment group (Fig. 6e). Only untreated tumors exhibited
high levels of MMP2, which were significantly reduced by both
individual treatments and the combined therapy. Furthermore,

SPRINGER NATURE

gPCR analyses performed on RNA extracted from the tumors
showed heightened expression of L1CAM in mice treated with TRL
(Fig. 6f). These findings were further supported by IF analysis on
tumor sections, confirming the upregulation of L1CAM following
TRL treatment, with an even more pronounced effect observed in
the co-treatment group.
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Fig. 4 Mitigation of L1,,,-PDAC aggressiveness by Tranilast. a gPCR analysis for COL17AT expression in #354 cells (L1empty, L1xpy; and
L1°v®") treated or not with 120 uM of Tranilast (TRL) biweekly for one week. b gPCR analysis for L1 expression in #354 cells (L1empty, L1xp#
and L1°¥®") treated or not with 120 uM of Tranilast (TRL) biweekly for one week. ¢ Quantification of extracellular collagen by Sircol assay in
#354 (L1empty, L1kps and L1°V®") cells treated or not with 120 uM of Tranilast (TRL). d Representative immunofluorescence images for
Hydroxyprolin (HyP, red) in #354 PDAC cells (L1Tempty, L1xps and L1°V¢") treated or not with 120 uM of Tranilast (TRL). The nuclei were stained
in blue (DAPI). e Representative images of gelatin degradation for L3.6pl (L1empty, L1xpg and L1°V¢") cells treated or not with 120 uM of
Tranilast (TRL). Nuclei were stained with Hoechst 33342 (blue), green represents actin (Alexa Fluor™488 Phalloidin) and red illustrates gelatin
(Rodhamine). f Invasive potential of L3.6pl (L1empty, L1xps and L1°¥") cells treated or not with 120 uM of Tranilast (TRL). g Western blot
analysis for MMP2 in L3.6pl and #354 cells with various L1 levels. Parallel GAPDH immunoblotting was performed. h Representative
immunofluorescence images for MMP2 (red) in histological sections of xenografts derived from L1M9P L1 0w L1empty and L1xpy; L3.6pl cells.
The nuclei were stained in blue (DAPI). i Schematic representation of Tranilast-Driven TGF-p signaling Inhibition: enhanced L1 expression and
suppression of COL17A1 and MMP2 in PDAC. Created with BioRender.com. j Positive correlation between TGF-1 and MMP2 in PDAC samples
in the TCGA repository. k Positive correlation between COL17A1 and MMP2 in PDAC samples in the TCGA repository. | gPCR analysis for MMP2
expression in #354 cells (L1empty, L1xpg; and L1°V¢") treated or not with 120 uM of Tranilast (TRL) biweekly for one week.

DISCUSSION effectiveness of many interventions has been limited [5]. For
The highly fibrotic microenvironment of pancreatic tumors has example, halofuginone and pirfenidone, known antifibrotic
garnered significant attention in the context of drug-targeting agents, have shown promise in modulating collagen matrix
approaches and molecular strategies [45, 46]. However, the architecture in various cancer models, including PDAC, while
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Fig. 5 Tranilast attenuates liver metastasis driven by L1,,, PDAC cells. a Schematic representation of orthotopic injection of L3.6pl
(L1empty, L1xpyr and L1°V€") cells into the pancreas of 6-week-old nude CD1 male mice. Mice were treated biweekly for three weeks with TRL
(50 mg/kg of mice). Created with BioRender.com. b Number of tumors and liver metastasis generated from mice orthotopically injected with
L3.6pl cells, treated or not with TRL (50 mg/kg of mice). c Representative histological sections of pancreas derived from mice injected with
L3.6pl cells, treated or not with TRL. Tumor sections were (immuno)stained for human nuclei. d Representative histological sections of
pancreas derived from mice injected with L3.6pl cells, treated or not with TRL. Tumor sections were (immuno)stained for L1CAM. The nuclei
were stained in blue (DAPI). e Representative histological sections of pancreas derived from mice injected with L3.6pl cells, treated or not with
TRL. Tumor sections were (immuno)stained for human COL17A1. The nuclei were stained in blue (DAPI). f Representative histological sections
of pancreas derived from mice injected with L3.6pl cells, treated or not with TRL. Tumor sections were (immuno)stained for MMP2. The nuclei
were stained in blue (DAPI). g Representative histological sections of livers derived from mice injected with L3.6pl cells, treated or not with
TRL. Tumor sections were (immuno)stained for human nuclei. h Representative histological sections of pancreas derived from mice injected
with L3.6pl cells, treated or not with TRL. Tumor sections were (immuno)stained for L1ICAM, COL17A1, pSMAD2, MMP2, respectively. The
nuclei were stained in blue (DAPI).
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Fig. 6 Tranilast and Gemcitabine synergistically affect tumor growth and fibrosis. a Tumor volume of #354 cells subcutaneously
xenografted, treated or not with Gem (100 mg/kg of mice) and/or TRL (50 mg/kg of mice) over 104 days. b Kaplan-Meier curve of #354 cells
subcutaneously xenografted, treated or not with Gem (100 mg/kg of mice) and/or TRL (50 mg/kg of mice). c Left: Representative histological
sections of xenografts derived from #354 cells. Tumor sections were stained with Hematoxylin & Eosin (H&E). S stroma; T tumor. Right:
quantification of stroma content on H&E-stained sections. d Left: Representative histological sections of xenografts derived from #354 cells.
Tumor sections were stained with Sirius Red. Right: quantification of collagen content on Sirius Red-stained sections. e Representative
histological sections of xenografts derived from #354 cells. Tumor sections were (immuno)stained for human L1CAM, COL17A1 and MMP2.
The nuclei were stained in blue (DAPI). f qPCR analysis for L1CAM expression in #354-derived tumors. Data are normalized to GAPDH
expression. *p < 0.05, **p < 0.005, ***p < 0.0005.

Losartan, an FDA-approved anti-hypertensive drug, has demon- delivery, their long-term effects on tumor spread remain a
strated antifibrotic effects by suppressing active TGF-31 levels critical concern [38]. In our previous work, we demonstrated that
[44, 47]. Similarly, tamoxifen, a selective estrogen receptor TGF-B1 negatively regulates L1 cell adhesion molecule (L1CAM)
modulator, has been implicated in reducing hypoxia-inducible expression through canonical TGF-B-Smad2/3 signaling, leading
factor-1 alpha (HIF-1a) levels and altering collagen deposition in to a more invasive PDAC phenotype [11]. Our current study
PDAC models [48]. While antifibrotic drugs hold potential for advances the understanding of PDAC pathophysiology by
promoting tumor tissue remodeling and enhancing drug elucidating the role of L1ICAM in the dynamics of collagen
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deposition within the tumor microenvironment. Collagen is well
recognized for its impact on cancer-associated fibrosis, tissue
stiffness, and metastasis; in the context of PDAC—a malignancy
notorious for its desmoplastic reaction—the modulation of
collagen plays a central role in disease progression and
treatment resistance [43, 49, 50]. Remarkably, our findings
challenge the preconceived notion that collagen regulation is
predominantly a function of stromal cells [51]. Instead, we
propose that specific tumor epithelial subsets, particularly those
with low L1CAM expression (L1,,,), can actively influence
collagen dynamics. Transcriptomic analysis of PDAC cells based
on L1 expression levels unveiled a surprising shift: L1, cells
were identified as having upregulated collagen 17A1 (COL17A1),
suggesting their unexpected role in collagen secretion. COL17A1,
which encodes for collagen XVII, has been linked to pancreatic
cancer; studies have shown that high levels of COL17A1
expression are associated with a poor prognosis for pancreatic
cancer patients [39]. This characteristic of L1, cells extends
beyond isolated in vitro finding to enhanced migratory abilities,
aligning with broader capabilities required for tumor invasion
and metastasis [11]. Specifically, L1, cells upregulate matrix
metalloproteinases MMP2 and MMP10, enzymes that degrade
ECM components to facilitate tumor dissemination. In vivo, the
L1,ow phenotype correlates with robust collagen deposition,
resistance to gemcitabine, and increased tendency liver metas-
tases- a process likely driven by MMP2/MMP10 — mediated ECM
remodeling. These findings underscore the interplay between L1
expression, TME composition, and the aggressive metastatic
behavior of PDAC. The intervention using Tranilast- traditionally
recognized as an anti-fibrotic agent [34]- provided significant
insights into potential therapeutic strategies. Tranilast treatment
not only attenuated tumor volume and collagen deposition but
also appeared to promote L1CAM expression. Notably, Tranilast
outperformed Halofuginone in collagen reduction and Batima-
stat in inhibiting migration, suggesting its dual utility in
mitigating fibrosis and tumor spread. Mechanistically, we found
that high levels of TGF-B1 in the microenvironment reduce L1
expression on PDAC cells undergoing phenotypic transforma-
tion, rendering them more aggressive while enhancing their
ability to produce and secrete COL17A1 and MMP2 - both
positively associated with poor prognosis. Targeting COL17A1 via
upstream TGF-f31 blockade using Tranilast or potentially other
compounds such as Galunisertib [52] or Vactosertib may reduce
tumor progression and cellular aggressiveness. Clinically, Trani-
last is well-tolerated at doses up to 600 mg daily, making it an
attractive candidate for managing PDAC fibrosis. Patients with
low L1CAM expression may benefit from combining Tranilast
with Gemcitabine. However, TGF-1 inhibition carries risks: TGF-
1 also modulates immune responses, and its suppression could
compromise immune surveillance or promote metastasis in some
patients. PDAC heterogeneity further complicates this approach,
as compensatory pathways may arise post-TGF-31 blockade.
Combination therapies with chemotherapy or immunotherapy
warrant exploration, though clinical studies are needed to
optimize dosing, safety, and patient stratification. This study
advances our understanding of PDAC pathophysiology in two
key ways. First, it identifies LICAM as a regulator of collagen
secretion, redefining epithelial contributions to the TME and
highlighting potential biomarkers for disease severity and
treatment response. Second, it positions Tranilast as a promising
adjunct to conventional chemotherapy, with the capacity to
remodel the TME and target metastatic mechanisms.
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