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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is a fatal disease with a poor prognosis. While venous invasion 
is believed to contribute to liver metastasis and an unfavorable prognosis, the precise mechanisms involved remain 
unclear. Here, we conducted gene expression profiling on eight PDAC tissue samples exhibiting portal venous inva-
sion (VI group) compared to PDAC samples without portal venous invasion (CA group) and normal portal vein tissues 
(NV group). A subset of genes, including tissue inhibitor of metalloproteinase 1 (TIMP1), C-X-C motif chemokine re-
ceptor 4 (CXCR4), olfactomedin-like 2B (OLFML2B), and cytochrome P450 family 1 subfamily B member 1 (CYP1B1), 
was found to be specifically expressed in the PDAC group with venous invasion. Immunohistochemical staining of 15 
cases revealed significantly higher levels of TIMP1 (P=.026) and CXCR4 (P<.001) in the VI set compared to the CA 
set. In addition, the PDAC group with strong TIMP1 expression had a higher frequency of lymphovascular invasion 
(P<.001) and lower 5-year survival rates than the PDAC group with no/weak TIMP1 expression (P=.027). Specific 
TIMP1 expression in the venous invasion foci was highlighted on 3D reconstruction imaging. Invasion assays and/
or Western blot analyses were performed on pancreatic cancer cells (Panc1), cancer-associated fibroblasts (CAFs), 
and human endothelial cells (EA.hy926). TIMP1 inhibition suppressed cancer cell invasion in the presence of CAFs. 
TIMP1 expression increased with PI3Kp110, phospho-AKT, and phospho-ERK1/2 in Panc1 cells co-cultured with 
CAFs and EA.hy926 endothelial cells. Our data demonstrate that TIMP1 in pancreatic cancer cells promotes venous 
invasion of PDACs by activating the PI3K/AKT and ERK1/2 pathways in collaboration with CAFs and endothelial 
cells. Therefore, TIMP1 may serve as a biomarker for venous invasion in PDACs.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a 
fatal disease in the United States and Korea, 
with a low 5-year overall survival rate [1-3]. 
Prognostic factors for PDACs include venous 
and perineural invasions, lymph node metasta-
sis, and positive resection margins [4-9]. Large 
venous invasion, which involves the portal vein 
(PV) or superior mesenteric vein (SMV), is fre-
quently observed in PDACs due to the anatomi-

cal proximity of the pancreas to these veins. 
This phenomenon leads to rapid hepatic metas-
tasis, resulting in a poor prognosis for patients 
with PDACs [10-13]. In addition to venous inva-
sion, the tumor microenvironment is increas-
ingly recognized as a critical determinant of 
PDAC progression and adverse outcomes 
[14-16].

The tumor microenvironment of PDAC is com-
posed of various elements, including cancer-
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associated fibroblasts (CAFs), immune cells, 
endothelial cells, and the extracellular matrix 
(ECM), which dynamically interact with tumor 
cells. These interactions modulate signaling 
pathways, promoting cancer cell infiltration into 
adjacent tissues and vessels, and contributing 
to the complexity of venous invasion. Therefore, 
understanding the precise mechanisms under-
lying the muscular venous invasion within the 
context of the tumor microenvironment is 
crucial.

Histologic studies have reported that cancer 
cell clusters often retain epithelial markers like 
E-cadherin at the point of penetration and 
destruction of the muscular layer of large veins, 
suggesting that epithelial-mesenchymal transi-
tion (EMT) is not sustained during intravasation 
[17]. However, the detailed mechanisms under-
lying venous invasion remain poorly under-
stood. Several studies have investigated gene 
expression patterns associated with vascular 
invasion in cancers from different organs, 
including the liver and uterus [18-21]. Previous 
studies, including analyses of data from the 
Cancer Genome Atlas Program (TCGA) [18, 19, 
21, 22], primarily compared the genetic muta-
tions or expression levels of PDAC tissues with 
and without vascular invasion as reported in 
pathology reports. However, these studies did 
not compare the tissues based on specific foci 
with or without venous invasion in PDAC.

Therefore, this study aims to identify candidate 
genes involved in venous invasion foci using 
micro-dissected PDAC tissues and gene expres-
sion arrays. Furthermore, functional analysis 
was conducted in conjunction with protein 
expression validation of the candidate genes.

Materials and methods

Case selection

After receiving approval from the Institutional 
Review Board (approval number: 2020-0234) 
with a waiver of informed consent, we collected 
23 PDAC cases with PV or SMV invasion and 
205 PDACs without PV/SMV invasion from the 
pathology database.

Tissue preparation and gene expression array

Eight formalin-fixed, paraffin-embedded (FFPE) 
PDAC tissues with PV or SMV invasion were col-
lected through meticulous manual microdis-

section and subsequently stained with H&E 
(Supplementary Figure 1). Each case was cate-
gorized into three groups: VI, PDAC with PV/
SMV invasion; CA, PDAC in stroma without PV/
SMV invasion, representing the PDAC tissue 
alone; and NV, normal PV/SMV located in close 
proximity to non-neoplastic pancreatic tissue. 
RNA was extracted using the FFPE RNeasy kit 
(Qiagen, Hilden, Germany), and RNA quality was 
measured with the Agilent BioAnalyzer 2100 
(Agilent Technologies, Santa Clara, CA) follow-
ing the manufacturer’s protocol. Twenty-four 
RNA samples (matched at 8 VI, 8 CA, and 8 NV 
from each case) were used for gene expression 
assays using a PanCancer Progression panel 
(NanoString Technologies, Seattle, WA) with 
770 probes containing 730 cancer-related and 
40 housekeeping genes. RNA (250-1200 ng) 
was hybridized with probes, and the RNA tran-
script number was counted using an nCounter 
Digital Analyzer (NanoString). Raw data were 
normalized and analysed using nSolver Ana- 
lysis software, version 4.0 (NanoString, MAN-
C0019-08). The quality of the NanoString data 
was evaluated using the default parameters 
specified in the NanoString Gene Expression 
Data Analysis Guidelines (NanoString, MAN-
C0011-04). Background threshold parameters 
or background subtraction were not selected.

Tissue microarray (TMA)

The validation for protein expression was per-
formed with an independent cohort consisting 
of 205 PDACs without PV/SMV invasion (CA 
group) and 15 PDACs containing foci of PV/SMV 
invasion (VI group). TMAs were constructed 
from FFPE PDAC tissue blocks using a manual 
tissue microarrayer (Uni TMA Co. Ltd., Seoul, 
Republic of Korea). The selection criteria includ-
ed areas containing >75% of cancer cells with-
out necrosis. TMAs for the CA and VI sets were 
separately constructed. For the CA set, 2 mm-
diameter punches were used to extract four 
representative PDAC tissue cores from a donor 
block and transfer them into a recipient block 
along with one core from matched normal pan-
creatic tissue. For the VI set, a 4.5 mm-diame-
ter punch was used to transfer a representative 
core of PV/SMV invasion from a donor block to 
a recipient block.

Immunohistochemical staining

Immunohistochemical staining was performed 
on 4 μm-thick sections using a Ventana auto-



Venous invasion in pancreatic ductal adenocarcinoma

1250 Am J Cancer Res 2025;15(3):1248-1263

stainer with an ultra-View DAB Detection Kit 
(Ventana, Tucson, AZ), following the manufac-
turer’s instructions. Primary antibodies for tis-
sue inhibitors of metalloproteinase 1 (TIMP1; 
clone EPR18352, Abcam, Cambridge, UK, 
1:500, rabbit monoclonal) and CXCR4 (clone 
UMB2, Abcam, 1:2000, rabbit monoclonal) 
were used. For TIMP1, the intensity was 
assessed based on the highest cytoplasmic 
intensity observed, utilizing internal controls to 
ensure objectivity. The scoring criteria were as 
follows: 0, no staining; 1, weak staining (normal 
acinar cells); 2, intermediate staining (acinar 
ductal metaplasia and the muscular layer of 
arteries); 3, strong staining (pancreatic islets, 
Supplementary Figure 2). If the area occupied 
was less than 5%, it was evaluated as 0, re- 
gardless of intensity. For CXCR4 immunolabel-
ling, the immunohistochemical score was cal-
culated by multiplying the nuclear intensity (0: 
no staining; 1: weak staining, contour not visi-
ble at 4× but visible at 10×; 2: strong, staining 
contour distinct at 4×, Supplementary Figure 3) 
by the fraction (0: 0%; 1: <1/3; 2: 1/3-2/3; 3: 
>2/3) of expressing tumour cells. If possible, 
stromal or inflammatory cells should be 
assessed similarly to tumour cells.

Tissue immunolabelling and 3D imaging

Tissue immunolabelling and 3D imaging after 
tissue clearing were performed as previously 
described [17, 23]. In brief, PDAC tissues were 
incubated and washed with PBS/0.2% Tween-
20 and 10 mg/mL heparin. Primary antibodies 
against cytokeratin 19 (EP1580Y, rabbit mono-
clonal; 1:200; Abcam), desmin (goat polyclonal; 
1:100, LifeSpan Biosciences, Seattle, WA), and 
TIMP1 (F31P2A5, mouse monoclonal; 1:200; 
Invitrogen, Waltham, MA) were used. After pri-
mary antibody labelling, the tissues were 
washed, incubated with secondary antibodies, 
centrifuged, and then sonicated. Then, the tis-
sues were dehydrated with serially concentrat-
ed methanol, incubated with dichloromethan, 
and then transferred to dibenzyl ether over-
night for tissue clearing. Immunolabelled tissue 
structures were viewed in 3D under a confocal 
laser scanning microscope (LSM800; Carl 
Zeiss, Jena, Germany). A bandpass filter set 
with an excitation range of 480/40 nm and an 
emission range of 525/50 nm was used to vis-
ualize the Alexa 488 signals of cytokeratin 
19-expressing epithelial cells. A filter set with 
an excitation range of 400/40 nm and an emis-
sion range of 421/50 nm was used to visualize 

the DyLight 405 signals of desmin-expressing 
smooth muscle cells. A filter set with an ex- 
citation range of 550/40 nm and an emission 
range of 570/50 nm was used to visualize the 
Cyanine 3 signals of TIMP1-expressing cells. 
Then, 3D images were generated with IMARIS 
software (Version 9.4, Bitplane, Zurich, Swi- 
tzerland).

Cell culture

The human PDAC cell line Panc1 was provided 
by Dr. Ji Kon Ryu from Seoul National University 
Hospital and cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM; Gibco, Waltham, MA). 
The human endothelial cell line EA.hy926 was 
obtained from the American Type Culture 
Collection (ATCC, Manassas, VA) and main-
tained in DMEM. Human pancreatic cancer-
associated fibroblasts (CAFs) isolated from pri-
mary PDACs were cultured in RPMI 1640 
(Gibco). These cell lines were grown in media 
supplemented with 10% (v/v) FBS (Wellgene, 
Gyeongsan, Korea), penicillin (100 U/mL, Gi- 
bco), and streptomycin (100 μg/mL, Gibco) at 
37°C in a humidified atmosphere with 5% CO2. 
Panc1, EA.hy926, and CAFs were indirectly co-
cultured to create an environment mimicking 
venous invasion. Each cell line (1 × 106 cells/
dish) in a 60 mm dish was co-cultured with two 
other cell lines (each 2 × 105 cells/insert) using 
culture insert (SPL, Pocheon, Korea) with 8.0 
µm pore size for indicated times.

siRNA transfection

Human TIMP1 siRNA was purchased from 
Ambion (Thermo Fisher Scientific, Waltham, 
MA). Panc1 cells were transfected with siRNA 
using Oligofectamine (Invitrogen) according to 
the manufacturer’s protocol. Briefly, Panc1 or 
CAFs (2 × 105 cells) were transfected with a 0.2 
µM siRNA/Oligofectamine complex in media 
without FBS at 37°C for 4 h and then added 
FBS to the final 10% concentration. After 48 h, 
transfected cells were used for invasion assay 
or Western blot analysis to determine the effect 
of TIMP1 on the venous invasion of cancer 
cells. The corresponding target sequences of 
siRNA are shown as follows: TIMP1, 5’- 
GAUGUAUAAAGGGUUCCAA-3’, and scramble, 
5’-UUCUCCGAACGUGUCACGU-3’.

Cancer cell invasion assay

Cancer cell invasion capacity was assessed 
using the Boyden chamber system with an 
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insert coated with ECM in 24-well plates. The 
upper chamber, equipped with a pore size of 
8.0 µm, was coated with VitroGel hydrogel 
matrix (TheWell Bioscience, North Brunswick, 
NJ) at 37°C for 20 min. Subsequently, 1 × 105 
EA.hy926 cells were coated in the upper cham-
ber for 6 h, and then CAFs (1 × 105 cells/insert) 
were incubated overnight in the upper cham-
ber. Panc1 (2 × 105 cells/insert) cells were 
incubated in the upper chamber with serum-
free media, while media containing 10% FBS 
was added in the lower chamber. A Panc1-free 
condition was assessed to eliminate the migra-
tion effect of EA.hy926 cells, or CAFs (for nega-
tive control). After 24 h, the invasive cancer 
cells successfully infiltrated into the matrix and 
then adhered to the film at the bottom of the 
upper chamber. Gentle cotton swabs were 
applied to the interior of the upper chamber to 
remove non-invasive cells. Invasive cells were 
stained using a cell stain solution (Millipore, 
Darmstadt, Germany) and then dissolved with 
10% acetic acid. The invasiveness of cancer 
cells was assessed using a colorimetric ELISA 
at a wavelength of 570 nm. All experiments 
were performed in triplicate.

Western blot analysis

Whole-cell proteins from the cell lines were 
separated using sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis (SDS-PAGE) and 
subsequently transferred to nitrocellulose me- 
mbranes (Hybond-ECL, GE Healthcare, Chicago, 
IL). The membranes were incubated with pri-
mary antibodies and then with secondary anti-
bodies conjugated with horseradish peroxi-
dase. Enhanced chemiluminescence (Perkin- 
Elmer, Waltham, MA) was employed to detect 
specific antigen-antibody complexes. Western 
blot analysis was performed with the following 
antibodies: TIMP1 (F31P2A5, Invitrogen), AKT 
(C67E7, Cell Signaling Technology, Danvers, 
MA), phospho-AKT (S473, D9E, Cell Signaling 
Technology), ERK1/2 (137F5, Cell Signal- 
=ing Technology), phospho-ERK1/2 (Thr202/
Tyr204, Cell Signaling Technology), and PI3- 
Kp110 (C73F8, Cell Signaling Technology), with 
GAPDH (6C5, Santa Cruz Biotechnology, Dallas, 
TX) serving as the loading control. Secondary 
antibodies were obtained from AbClon (Seoul, 
Korea).

Statistical analysis

Statistical analyses were performed using R 
software (version 4.0.2, Vienna, Austria). The 
relationship between each clinicopathologic 
factor and protein expression was investigated 
using the chi-squared test or Student’s t-test. 
The quantitative relationship between TIMP1 
and CXCR4 expression was compared using the 
corrgram function in R version 1.14. Statistical 
significance was defined as P<.05.

Results

Clinicopathologic characteristics

The clinicopathologic characteristics of all 
cases, which included a test set (n=8) and a 
validation set (n=220), are summarized in Table 
1. Briefly, the mean age of the patients was 
63.4 ± 10.6 years, with a male-to-female ratio 
of 1.3:1. Moderately differentiated tumours 
were the most common (179 cases, 78.5%). 
The mean cancer size was 3.9 ± 2.0 cm. 
Lymphovascular invasion and perineural inva-
sion were identified in 99 (43.4%) and 189 
(82.9%) cases, respectively. Based on the 8th 
edition of the AJCC cancer staging scheme, pT3 
cancers were the most predominant (200 
cases, 87.7%).

Candidate genes for venous invasion through 
the NanoString gene expression assay

Genes with P<.05 and an expression difference 
of more than two-fold between the VI group and 

Table 1. Clinicopathologic characteristics of 
PDAC cases
Characteristics No. of patients (%)
Age, year 63.4 ± 10.6
Sex Male 130 (57.0%)

Female 98 (43.0%)
Differentiation WD 14 (6.1%)

MD 179 (78.5%)
PD 35 (15.4%)

Tumour size, cm 3.9 ± 2.0
Lymphovascular invasion Present 99 (43.4%)

Absent 129 (56.6%)
Perineural invasion Present 189 (82.9%)

Absent 39 (17.1%)
T category pT1 4 (1.8%)

pT2 24 (10.5%)
pT3 200 (87.7%)

N category pN0 93 (40.8%)
pN1 104 (45.6%)
pN2 31 (13.6%)
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the two other groups (CA and NV) were select- 
ed for comparison. A total of 165 genes (106 
exhibiting overexpression and 59 exhibiting 
underexpression) in the VI group and 303 
genes (140 exhibiting overexpression and 163 
exhibiting underexpression) in the CA group 
were differentially expressed compared to the 
NV group (Figure 1A and 1B). Among nine spe-
cific genes (8 overexpression and 1 underex-
pression) in the VI group, only four genes 
(TIMP1, CXCR4, OLFMI2B, and CYP1B1) were 
overexpressed compared with those in the CA 
and NV groups (Figure 1C). Therefore, TIMP1, 
CXCR4, OLFML2B, and CYP1B1 were selected 
as candidate biomarkers for venous invasion.

Protein expression of TIMP1 and CXCR4

Among the four markers (TIMP1, CXCR4, 
OLFML2B, and CYP1B1), the selection of poten-
tial biomarkers for venous invasion for protein 
validation was guided by considerations of bio-
logical relevance, the availability of validated 

antibodies, and supporting evidence from the 
literature [24-28]. Consequently, TIMP1 and 
CXCR4 were prioritized for protein validation 
(Figure 2). Based on the intensity of TIMP1 
expression, PDACs were categorized into two 
groups: TIMP1 strong (intensity levels 2 and 3) 
and TIMP1 weak or absent (intensity levels 0 
and 1, Figure 3A-D). The rate of strong TIMP1 
expression in the VI set was significantly higher 
(86.7%, 13/15) compared to that in the CA set 
(53.3%, 90/169, Figure 3E, P=.026). Compared 
with clinicopathologic parameters, the PDAC 
group with strong TIMP1 expression had more 
common lymphovascular invasion than that 
with weak TIMP1 expression (55.6% versus 
10.1%, P<.001, Table 2). Moreover, the PDAC 
group with strong TIMP1 expression had a 
lower 5-year overall survival rate (8.6%) than 
that with weak/no TIMP1 expression (15.4%, 
P=.027, Figure 3F). The diagnostic perfor-
mance of TIMP1 for identifying venous invasion 
was evaluated by calculating sensitivity and 
specificity using the VI and CA sets. Sensitivity 

Figure 1. A. Representative H&E staining images of areas before manual microdissection: 1) VI set, portal vein/su-
perior mesenteric vein with cancer cell invasion; 2) CA set, PDAC tissue without portal vein/superior mesenteric vein 
invasion; and 3) NV set, portal vein/superior mesenteric vein located in close proximity to non-neoplastic pancreatic 
tissue. Dotted lines indicate the area of microdissection; PV, portal vein; PDAC, pancreatic ductal adenocarcinoma. 
B. Venn diagrams illustrating candidate genes that are either overexpressed or underexpressed in the VI or CA 
groups compared to the NV group, with P<0.05 and a difference in expression of more than two-fold. C. Scatter plot 
showing gene expression fold change in the VI group compared to the CA and NV groups. TIMP1, CXCR4, OLFMI2B, 
and CYP1B1 were overexpressed in the VI group relative to the CA and NV groups.
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was defined as the proportion of cases in the VI 
set exhibiting robust TIMP1 expression, while 
specificity was defined as the proportion of 
cases in the CA set lacking robust TIMP1 
expression. The sensitivity was 86.7% (13/15), 
and the specificity was 46.7% (79/169).

The results of CXCR4 immunohistochemical 
staining were evaluated using immunohisto-
chemical score. Six immunohistochemical 
scores were generated, with each immunohis-
tochemical score matching the number of 
instances in the VI/CA set presented in 
Supplementary Figure 4A. The immunohisto-
chemical score in the VI group (4.73 ± 2.22) for 
CXCR4 was greater than that in the CA group 
(1.14 ± 1.48, P <.001, Supplementary Figure 
4B). PDACs were divided into two categories 
based on the immunohistochemical score of 
CXCR4 expression (strong CXCR4 expression, 
immunohistochemical score ≥3; weak/no 
CXCR4 expression, immunohistochemical sco- 
re <3) and compared with clinicopathologic 
parameters (Supplementary Table 1). The 
patients in the PDAC group with strong CXCR4 
expression were older than those in the PDAC 
group with weak/no expression (P=.01). No  
significant difference in 5-year overall survival 
was observed between the PDAC groups with 
strong and weak CXCR4 expression (Sup- 
plementary Figure 4C, P=.8, strong CXCR4 
expression group; 11.8%, weak/no CXCR4 
expression group, 10.6%).

In addition, 3D multi-colour immune-fluores-
cent labelling images demonstrated TIMP1 
expression at the venous invasion foci of the 
PDAC tissues. Cytoplasmic TIMP1 expression 
was clearly visible in the tubule-forming cancer 
cells inside the muscular venous wall and in the 

CAFs surrounding scattered cancer cells de- 
stroying the smooth muscle of the venous wall 
(Figure 4). These results were consistent with 
the 2D immunohistochemical staining images.

Association between TIMP1 and CXCR4 ex-
pression

The expression levels of TIMP1 and CXCR4 in 
cancer, stromal, and inflammatory cells were 
compared to analyse the association between 
TIMP1 and CXCR4 expression. No discernible 
association was observed between TIMP1 and 
CXCR4 expression among cancer, stromal, and 
inflammatory cells, with correlation coeffici- 
ents of 0.37, 0.35, and -0.01, respectively 
(Supplementary Figure 5). However, a correla-
tion was noted in the immunohistochemical 
scores of CXCR4 expression among cancer, 
stromal, and inflammatory cells (correlation 
coefficients: cancer-stromal, 0.79; cancer-in- 
flammatory cells, 0.52; stromal-inflammatory 
cells, 0.53).

TIMP1 expression in the microenvironmental 
component cells of venous invasion through 
indirect co-culture

Panc1 cells (cancer cells), EA.hy926 cells 
(endothelial cells), and CAFs were indirectly co-
cultured to mimic the microenvironment of 
venous invasion and investigate the TIMP1 
signaling pathway in each cell type. As the co-
incubation time was prolonged, TIMP1 expres-
sion was increased in Panc1 cells (Figure 5A). 
Concurrently, the expression of PI3Kp110, as 
well as phospho-AKT and phospho-ERK1/2, 
also increased, while the total levels of AKT and 
ERK1/2 remained unchanged. Under the same 
conditions, TIMP1 expression was transiently 
elevated (for 20-40 minutes) in the CAFs. 

Figure 2. Representative histologic and immunohistochemical staining images of foci of venous invasion. (A) H&E, 
(B) diffuse strong cytoplasmic TIMP1 immunolabeling in the cytoplasm of cancer cells and CAFs, and (C) diffuse 
nuclear CXCR4 immunolabeling in the cancer cells and CAFs (all, magnification, 20×; inset, 2.3×).
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PI3Kp110 expression and phospho-AKT in- 
creased in the CAFs, but phospho-ERK1/2 lev-
els did not change with co-incubation (Figure 
5B). In contrast, TIMP1 expression in EA.hy926 

cells was minimal and challenging to detect 
during co-incubation. Nevertheless, the expres-
sion of PI3Kp110, along with phospho-AKT and 
phospho-ERK1/2, increased in EA.hy926 cells 

Figure 3. Representative immunohistochemical staining images of TIMP1 in PDAC tissue exhibiting venous invasion. 
(A) Strong staining (intensity 3). (B) Intermediate staining (intensity 2). (C) Weak staining (intensity 1). (D) No stain-
ing (intensity 0; all 20× magnification). TIMP1 intensities of 2 and 3 were classified as strong, while intensities of 1 
and 0 were categorized as weak or absent TIMP1 immunolabeling (A-D, 20× magnification). (E) Results of TIMP1 
immunolabeling in the VI and CA sets. The proportion of cases exhibiting strong TIMP1 expression in the VI set was 
86.7% (13/15), which was significantly higher than in the CA set (53.3%, 90/169; P=.026). (F) The PDAC group 
with strong TIMP1 expression demonstrated a poorer 5-year overall survival rate of 8.6% compared to 15.4% in the 
weak/no TIMP1 expression group (P=.027).
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as the co-incubation time was prolonged 
(Figure 5C).

Impact of TIMP1 signaling pathways on venous 
invasion in PDAC cells

In TIMP1 knockdown Panc1 cells, the expres-
sion levels of PI3Kp110, phospho-AKT, and 
phospho-ERK1/2 were significantly reduced, 
and these levels did not increase following co-
culture with CAFs and EA.hy926 cells (Figure 
5D). The TIMP1 knockdown in Panc1 cells  
also impaired their invasive ability (1.3-fold 
decrease, P=.005; Figure 5E). Moreover, the 
invasion capability of Panc1 cells was reduced 
by targeting the TIMP1 downstream proteins 
using the PI3K inhibitor LY294002 (10 µM) and 
the ERK inhibitor PD98059 (50 µM) in the pres-
ence of CAFs (both showing a 2.1-fold decrease, 
P<.001; Figure 5F). These results demonstrate 
that TIMP1 promotes venous invasion through 
the activation of the PI3K/AKT and ERK1/2 
pathways in PDAC cells.

Impact of TIMP1 expression in CAFs on venous 
invasion of PDAC cells

The invasion capability of Panc1 cells was  
evaluated with varying quantities of CAFs. The 
increase in invading Panc1 cells correlated  

with a higher quantity of CAFs (P<.001; 
Supplementary Figure 6A), suggesting that 
CAFs play a significant role in the venous in- 
vasion of PDAC cells. Following a transient 
increase in TIMP1 expression in CAFs, Panc1 
cells also exhibited an increase in TIMP1 levels 
(Figure 5A and 5B). In the absence of CAFs, 
Panc1 cells failed to induce TIMP1 expression 
and activate the PI3K/AKT pathway when co-
cultured with EA.hy926 cells (Supplementary 
Figure 6B). The invasion capability was unaf-
fected by TIMP1 knockdown in Panc1 cells 
(Figure 5E) or by the use of a PI3K inhibitor in 
the absence of CAFs (Figure 5F). Although 
Panc1 cells showed activation of ERK1/2 when 
co-cultured with EA.hy926 cells (Supplemen- 
tary Figure 6B), the invasion ability of Panc1 
cells was not significantly reduced by ERK1/2 
inhibitors (P=.103; Figure 5F).

To further investigate the role of TIMP1 in CAFs 
on the invasion capability of Panc1 cells, TIMP1 
knockdown CAFs were utilized. The inhibition of 
TIMP1 in CAFs reduced the invasion capability 
of Panc1 cells to levels comparable to those 
observed in the absence of CAFs (1.4-fold 
decrease, P=.021; Figure 5G). Consequently, 
these findings indicate that TIMP1 derived from 
CAFs enhances the venous invasion of PDAC 
cells through the activation of the TIMP1/PI3K/

Table 2. Comparison of TIMP1 expression status with clinicopathologic factors of PDACs

Clinicopathologic factor
TIMP1 expression

P-value
Weak/none Strong

Age, years 63.3 ± 9.65 62.3 ± 10.5 .55
Sex Male 47 (59.5%) 46 (51.1%) .35

Female 32 (40.5%) 44 (48.9%)
Differentiation Well-differentiated 9 (7.6%) 3 (3.3%) .24

Moderately differentiated 63 (79.7%) 69 (76.7%)
Poorly differentiated 10 (12.7%) 18 (20.0%)

Tumour size, cm 3.9 ± 2.4 3.9 ± 1.8 .84
Lymphovascular invasion Present 8 (10.1%) 50 (55.6%) <.001a

Absent 71 (89.9%) 40 (44.4%)
Perineural invasion Present 62 (78.5%) 75 (83.3%) .54

Absent 17 (21.5%) 15 (16.7%)
T category pT1 2 (2.5%) 1 (1.1%) .31

pT2 5 (6.3%) 2 (2.2%)
pT3 72 (91.1%) 87 (96.7%)

N category pN0 39 (49.4%) 37 (41.1%) .47
pN1 35 (44.3%) 44 (48.9%)
pN2 5 (6.3%) 9 (10%)

aStatistically significant at P<.05.
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Figure 4. Multi-colour immunofluorescence labelling of 3D reconstruction 
of PDAC tissue at the foci of venous invasion. Green labelling for cytokeratin 
19 highlights cancer cells, red indicates TIMP1 and blue labelling for desmin 
highlights the muscular layer of the muscular vein. A. Merged cytokeratin 19, 
desmin, and TIMP1 images. Cytoplasmic TIMP1 expression was clearly vis-
ible in tubule-forming cancer cells (arrows) inside the muscular venous wall, 
and CAFs (asterisks) surrounding scattered cancer cells (arrowhead) de-
stroying the smooth muscle of the venous wall. B. Desmin image. C. Merged 
cytokeratin 19 and desmin image. D. Cytokeratin image. E. Merged TIMP1 
and desmin image. F. TIMP1 image. V, vein.

AKT pathway, facilitated by molecular interac-
tions between CAFs and cancer cells.

Discussion

In this study, we profiled gene expression and 
identified TIMP1 as a differentially expressed 
gene at the foci of venous wall invasion in 

onstrated that TIMP1 can modulate angiogen-
esis, EMT, and cell proliferation in a manner 
distinct from the inhibition of MMPs [47-50]. 
TIMP1 expression has been linked to tumour 
budding in breast cancer [51] and metastasis 
in hepatocellular carcinoma [24, 52, 53], colon 
cancer [24, 52, 53], and PDAC [54-56]. The 
secreted TIMP1 from PDAC tissues interacts 

PDACs. In addition, we found 
that TIMP1 protein expression 
was significantly stronger in 
the PDAC group with venous 
invasion compared to the 
group without venous inva-
sion. Patients in the PDAC 
group exhibiting high TIMP1 
expression had a lower overall 
survival rate than those with 
no or weak TIMP1 expression. 
Utilizing publicly available data 
from sources such as TCGA 
and Oncomine, the majority of 
studies have demonstrated a 
correlation between TIMP1 
mRNA expression and an 
unfavourable prognosis [25, 
26, 29, 30]. Moreover, TIMP1 
overexpression has been re- 
lated to poor prognosis in 
patients with kidney [26], 
breast [31-33], colon [25, 30, 
34], stomach [35-37], lung 
[38, 39], liver [24], endome- 
trial cancers [40], PDAC [41-
43], and malignant melano-
mas [29, 44]. In addition, the 
PDAC group with strong TIMP1 
expression exhibited a higher 
frequency of lymphovascular 
invasion compared to the 
group with weak TIMP1 ex- 
pression, suggesting that TI- 
MP1 may play a role in the 
invasion of large muscular 
venous walls.

TIMP1 is a pleiotropic extra-
cellular protein that belongs  
to the TIMP family. It was ini-
tially reported to prevent can-
cer invasion and metastasis 
by inhibiting the expression  
of matrix metalloproteinases 
(MMPs) [45-47]. However, sev-
eral recent studies have dem-
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Figure 5. TIMP1-induced invasion ability and related pathways in cell lines under conditions mimicking venous inva-
sion of PDACs. (A-D) Western blot analysis for the expression of TIMP1 and its related proteins (PI3Kp110, phospho-
AKT, total-AKT, phospho-ERK1/2, and total-ERK1/2) in each cell line through indirect co-culture of (A) Panc1, (B) 
CAFs, and (C) EA.hy926 cells at the indicated time points. (D) TIMP1 suppression in Panc1 cells co-cultured indirect-
ly with CAFs and EA.hy926 cells at the indicated times. GAPDH was utilized as the loading control. (E-G) Assessment 
of invasion ability using endothelial cells coated in the Boyden chamber system. (E) Panc1 or (G) CAFs transfected 
with TIMP1 or scramble siRNA were allowed to penetrate the matrix and endothelial layer with or without CAFs for 24 
hours. (F) The effects of TIMP1 pathway inhibitors (PI3K inhibitor LY294002 at 10 µM or ERK1/2 inhibitor PD98059 
at 50 µM) with or without CAFs for 24 hours on Panc1 invasion capability. *P<.05, **P<.01, ***P<.001.

with CD63-positive hepatic stellate cells in cir-
culation, facilitating liver metastasis by creat-

ing metastatic niches in mouse models [55]. 
TIMP1 knockdown in mice and cell lines has 
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shown a decrease in migration, vascular densi-
ty, and liver metastasis in PDAC [56, 57], indi-[56, 57], indi-, indi-
cating the importance of TIMP1 in the process 
of distant metastasis in PDAC.

In this study, we focused on identifying the mol-
ecules and pathways that contribute to venous 
invasion as initial steps of metastasis in PDAC, 
rather than in metastatic sites, and inves- 
tigated the role of TIMP1 in human PDAC tis-
sues and pancreatic cancer-derived cell lines. 
Therefore, our study provides more specific and 
spatially limited information on intravasation 
and expands our understanding of the role of 
TIMP1 in the venous invasion of PDAC.

TIMP1 regulates the PI3K/AKT and MAPK/ERK 
pathways in different types of cancers, includ-
ing lung [25, 58-61] and colon cancer [25, 
58-61], PDAC [25, 58-61], and osteosarcomas 
[25, 58-61]. In the present study, TIMP1 expres-
sion increased concurrently with PI3Kp110, 
phospho-AKT, and phospho-ERK1/2 in Panc1 
cells. TIMP1 knockdown repressed PI3K/AKT 
and ERK1/2 phosphorylation and decreased 
Panc1 cell invasion. Moreover, treatment with  
a PI3K/AKT or ERK1/2 inhibitor suppressed 
TIMP1-induced invasion. These results suggest 
that TIMP1 in cancer cells promotes the venous 
invasion of PDACs by activating the PI3K/AKT 
and ERK1/2 signaling pathways. Additionally, 
considering that TIMP1-induced PI3K/AKT or 
ERK1/2 activation regulates EMT-related tran-
scription factors, such as TWIST, SNAIL, SLUG, 
and ZEB1/2 [60, 62], suggests that EMT pro-
cesses may partially participate in the venous 
invasion of PDAC cells.

CAFs are a major component of the extracellu-
lar matrix (ECM) in PDAC and promote cancer 
growth through molecular interaction with can-
cer cells [63-66]. TIMP1 is secreted by CAFs 
and enhances cancer cell motility and invasion 
[24, 67, 68]. In the 3D reconstruction of venous 
invasion foci in PDAC tissues, TIMP1 protein 
was expressed in cancer cells that partici- 
pate in damaging the venous wall and the sur-
rounding CAFs. Additionally, the enhancement 
of CAFs increased their ability to penetrate the 
endothelial layer of Panc1 cells, while TIMP1 
knockdown in CAFs reduced this ability to levels 
observed in the absence of CAFs. The results of 
this study suggest that TIMP1 in CAFs plays a 
crucial role in the venous invasion of PDAC cells 
induced by CAFs. Previous studies demonstrat-

ed that TIMP1 in CAFs stimulates their prolifer-
ation through the PI3K/AKT pathway, rather 
than the ERK1/2 pathway [69], and TIMP1-
overexpressing cancer cells promote the accu-
mulation of CAFs [70]. Under co-culture condi-
tions mimicking venous invasion, our data 
showed the activation of the PI3K/AKT path-
way, but not the ERK1/2, in CAFs and an 
increase of TIMP1 in Panc1 cells. Taken togeth-
er, we propose that a feedback loop involving 
the activation of the TIMP1 pathway between 
CAFs and PDAC cells contributes to the estab-
lishment of the tumor microenvironment, facili-
tating venous invasion in PDACs.

In EA.hy926 cells, the PI3K/AKT and ERK1/2 
pathways were activated independently of 
TIMP1 under co-culture conditions. The ER- 
K1/2 pathway can diminish vascular endothe-
lial junctional proteins, leading to instability in 
the endothelial barrier [71, 72]. The PI3K/AKT 
and MAPK/ERK1/2 pathways in human umbili-
cal vein endothelial cells (HUVECs) are associ-
ated with changes in mesenchymal-like mor-
phology, increased cell proliferation, angiogen-
esis, and cancer-associated endothelial cell 
migration [73, 74]. Therefore, the stimulation of 
the PI3K/AKT and ERK1/2 pathways in 
endothelial cells may facilitate cancer cell per-
meability to veins, representing a crucial step 
in intravasation. Components of the tumor 
microenvironment, including PDACs, CAFs, and 
endothelial cells, interact through TIMP1-
related molecular crosstalk to promote the 
venous invasion of PDACs. Based on our obser-
vations and the findings of previous studies, 
the proposed process of venous invasion in 
PDAC is illustrated in Figure 6.

The results of this study demonstrated the  
clinical usefulness of TIMP1 as a venous inva-
sion biomarker for PDACs. In the invasion 
assays, TIMP1 inhibition did not substantially 
decrease invasion. This result suggests that 
other factors, aside from TIMP1 expression, 
contribute to the venous invasion of PDACs. 
Considering that the microenvironment of PDAC 
tissues exhibiting venous invasion comprises 
various cell types - including cancer cells, CAFs, 
inflammatory cells, venous endothelial cells, 
and smooth muscle cells - further research uti-
lizing spatial transcriptome analysis is neces-
sary to identify cell-type-specific biomarkers of 
venous invasion in PDACs. Additionally, a limita-
tion of our functional study is that a single cell 
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line was employed to represent each compo-
nent of the tumour microenvironment; there-
fore, the heterogeneity of PDACs was not fully 
captured.

CXCR4, identified as a potential gene associat-
ed with venous wall invasion through gene 
expression analysis, is recognized as a hall-
mark of cancer in various types, including 
PDACs [75, 76]. Wang et al. reported that 
CXCR4 protein expression is associated with 
lymph node metastasis and poor survival in 
patients with PDACs [77]. By contrast, another 
study assessed CXCR4 expression in PDAC 
stroma and observed no clinical correlations 
other than poor differentiation [27]. In this 
study, the PDAC tissues with venous invasion 
showed higher nuclear CXCR4 expression than 
those without venous invasion. However, no 
other significant differences were observed 
among other clinicopathologic factors.

In conclusion, TIMP1 was identified as a poten-
tial biomarker for venous invasion in PDACs. 
Furthermore, our results suggest that TIMP1 
derived from CAFs activates PDAC cells, pro-
moting venous invasion through the TIMP1/
PI3K/AKT and ERK1/2 signaling pathways. The 
TIMP1 signaling pathway may serve as a poten-
tial molecular target for preventing venous wall 
invasion in patients with PDACs.
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Supplementary Figure 1. Representative images of an uncovered haematoxylin and eosin-stained slide for manual 
microdissection. The portal vein or superior mesenteric vein with the area of cancer invasion (indicated by dashed 
lines) before (A) and after (B) manual microdissection.

Supplementary Figure 2. Representative images of H&E and TIMP1 immunohistochemical staining of pancreatic 
tissues, utilized as internal controls for assessing TIMP1 intensity. A-C. H&E images of normal pancreatic islets, 
acinar cells, acinar ductal metaplasia, and the smooth muscle layer of arteries, which serve as internal controls. 
D-F. TIMP1 immunohistochemical staining images demonstrating strong intensity (3+) in normal islets, intermedi-
ate intensity (2+) in acinar ductal metaplasia and the muscular layer of arteries, and weak intensity (1+) in normal 
acinar cells.
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Supplementary Figure 3. Representative CXCR4 immunohistochemical staining images of PDAC tissue with venous 
invasion with different scores in cancer cells, inflammatory cells, and CAFs. A. Strong nuclear CXCR4 expression 
(score 2) in cancer cells, inflammatory cells, and CAFs (20×). B. Weak nuclear expression (score 1) in cancer cells 
(40×). C. No CXCR4 expression (score 0) in cancer cells and CAGs and weak CXCR4 expression (score 1) in inflam-
matory cells (20×). D. Strong nuclear CXCR4 labelling (score 2) in inflammatory cells (40×).

Supplementary Figure 4. Results of CXCR4 immunolabelling in the VI and CA sets. A. The proportion of cases with 
strong CXCR4 expression (score 6) in the VI set was 55% (11/20), which was higher than that in the CA set (45%, 
9/20, P<.001). B. CXCR4 expression in the VI set had a 4.73 ± 2.22 higher immune score than that in the CA set 
(1.14 ± 1.48, P<.001). C. No significant difference in 5-year overall survival according to CXCR4 expression status 
(strong CXCR4 expression group, 11.8%; weak/no CXCR4 expression group, 10.6%, P=.8).
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Supplementary Table 1. Comparison of CXCR4 expression status with clinicopathologic factors of 
PDACs

Clinicopathologic factors
CXCR4 expression

P-value
Weak/none Strong

Age, years 62.4 ± 9.81 68.59 ± 8.37 .01a 
Sex Male 83 (55.3%) 12 (70.6%) .35 

Female 67 (44.7%) 5 (29.4%)
Differentiation Well-differentiated 6 (4.0%) 1 (5.9%) .85 

Moderately differentiated 120 (80.0%) 14 (82.4%)
Poorly differentiated 24 (16.0%) 2 (11.8%)

Tumour, cm 3.9 ± 1.9 4.4 ± 2.4 .29 
Lymphovascular invasion Present 62 (41.3%) 6 (35.3%) .83 

Absent 88 (58.7%) 11 (64.7%)
Perineural invasion Present 127 (84.7%) 13 (76.5%) .60 

Absent 23 (15.3%) 4 (23.5%)
T category pT1 1 (0.7%) 1 (5.9%) .14 

pT2 4 (2.7%) 0 (0%)
pT3 145 (96.7%) 16 (94.1%)

N category pN0 63 (42.0%) 7 (41.2%) .88 
pN1 67 (44.7%) 7 (41.2%)
pN2 20 (13.3%) 3 (17.6%)

aStatistically significant at P<.05.

Supplementary Figure 5. Scatter plot showing the association between CXCR4 (Cancer, stromal, and inflammatory 
cells) and TIMP1 using immunohistochemical score. A correlation was observed between the immunohistochemical 
scores of CXCR4 cancer, stromal, and inflammatory cells, with correlation coefficients of 0.79, 0.52, and 0.53, re-
spectively. No significant correlation was observed between the immunohistochemical scores of TIMP1 and CXCR4 
(cancer, stromal, and inflammatory cells).
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Supplementary Figure 6. Effect of CAFs on venous invasion of PDACs. A. The invasion capability of Panc1 cells was 
evaluated using endothelial cells in the Boyden chamber system. The invasion of Panc1 cells was assessed with 
varying quantities of CAFs. An increase in the number of invading Panc1 cells correlated with a higher quantity of 
CAFs (***P<.001). B. Western blot analysis was conducted to monitor the expression of TIMP1 and its associated 
proteins, including PI3Kp110, phospho-AKT, total AKT, phospho-ERK1/2, and total ERK1/2 in Panc1 cells through 
indirect co-culture with EA.hy926 cells at the specified time points. GAPDH was used as the loading control. In the 
absence of CAFs, Panc1 cells did not induce TIMP1 expression or activate the PI3K/AKT pathway when co-cultured 
with EA.hy926 cells.


