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Abstract
Background

Pancreatic ductal adenocarcinoma (PDAC) is the 8th most common cancer in
Korea and has a low 5-year overall survival rate (YSR) of about 12.2%. Although
venous invasion is known to be the cause of poor prognosis, the precise
mechanism is still unknown. In this study, we investigated biomarkers involved in
venous invasion and their mechanisms using gene expression arrays and

functional validation.
Materials and methods

Eight surgically resected formalin-fixed, paraffin-embedded (FFPE) PDAC tissues
were collected. Meticulous manual microdissections for gene expression arrays
were performed on the following three groups. 1) portal vein/ superior
mesenteric vein with cancer cell invasion (VI); 2) pancreatic cancer without portal
vein/ superior mesenteric vein invasion (CA); and 3) normal portal vein/ superior
mesenteric vein tissue (NV). The candidate gene expressions were validated at
protein level in 220 cases using 2D images with immunohistochemistry (IHC) and
3D images with tissue clearing and multiple immunofluorescence labeling. To
identify the role of potential biomarker in venous invasion, invasion assay and
western blot analysis were performed using human endothelial (EA.hy926),

cancer-associated fibroblast (CAF), and pancreatic cancer (Pancl) cell lines.
Results

Four genes, includingTIMP1, CXCR4, OLFML2B, and CYP1B1, were specifically
expressed in VI group. TIMPL (p = 0.026) and CXCR4 protein (p < 0.001)
expression in VI set were significantly higher than in CA set. Specific TIMP1
expression in venous invasive areas was found by 3D imaging. The patients with

strong TIMP1-expression more commonly had lymphovascular invasion (p <



0.001) and low 5-YSR (p = 0.027) than those with weak TIMP1-expression. TIMP1
inhibition by siRNA reduced cancer cell invasion ability in the presence of CAF.
TIMP1 was increased in pancreatic cancer cells along with PI3Kp11l0 and

phospho-AKT in co-culture conditions mimicking venous invasion.
Conclusions

TIMP1 was a potential biomarker of venous invasion in PDAC and the
TIMP1/PI3K/Akt signaling pathway may be involved. This could provide basic
information for development of inhibitors to prevent venous invasion in patients

with PDAC.

Keywords: Venous invasion; Pancreatic cancer; Biomarker; TIMP1
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the 8" most common cancer in
Korea and has a low 5-year overall survival rate of about 12.2% (1). Factors
known to influence the prognosis of PDAC include venous invasion as well as
perineural invasion, lymph node metastasis, and resection marginal status (2-7).
Among them, large vein invasion, such as the portal vein or superior mesenteric
vein, is frequently found in PDAC due to its anatomical proximity. Large vein
invasion of PDAC may cause rapid hepatic metastasis via portal vein, resulting in

a poor prognosis for patients (8-11).

According to meta-analysis of PDAC, the frequency of vascular invasion in
patients who underwent surgery is about 49%(12). The terms 'lymphovascular
invasion' or 'microvascular invasion' are used interchangeably in different studies
because it is challenging to differentiate between capillary and lymphatics
without a muscle layer. While the vascular network is composed continuously,
lymphovascular invasion can be classified into 'microvascular invasion' or 'large
vessels invasion' depending on the presence or absence of thick smooth muscle
layer. In case of large vessel invasion, cancer cells have higher aggressiveness to
penetrate the thick muscle layer and are closer to hepatic metastasis through
venous drainage, suggesting a worse prognosis than microvascular invasion. At
this time, it has been reported that when tumor cells completely encircle or
destructs a venous wall during large vessel invasion, CD31 or desmin IHC
increases the venous invasion detection rate(13). Given the above
underestimation in detecting venous invasion, the actual venous invasion rate is
expected to be higher in PDAC, and since the venous invasion is an independent
predictor of poor prognosis in PDAC, it is very important to understand the

precise mechanism related to large vessel invasion in PDAC(14)

When the venous invasion process in PDAC was observed in three-dimensional
context using cleared tissue, it became apparent that invasion could occur while

preserving the glandular structure, rather than in the form of a single discohesive
1



cell(15). Additionally, the result of E-cadherin staining proposed that EMT was not
sustained(15). However, a more specific mechanism related to venous invasion
remains unknown. Several studies have investigated gene expression patterns
associated with vascular invasion in different organs, including the liver, breast,
and uterus (16-20). Most of the studies, including TCGA data (16, 17, 19, 20),
found genes related to vascular invasion through comparisons between cancers
with and without pathologic information of vascular invasion. However, it would
be beneficial to comprehend the molecular mechanism of venous invasion in
PDAC by comparing cancer tissues with and without actual lesions of venous

invasion.

Considering that the venous invasion rate in PDAC patients is about 88%(15),
which is higher than cancers of other abdominal organs, and that such venous
invasion is involved in systemic metastasis and poor prognosis, understanding
the molecular mechanism of venous wall invasion is an important step to
improve the patient's prognosis through future therapeutic target development.
Therefore, in this study, we aimed to find candidate genes involved in large
venous wall invasion in PDAC by gene expression array through micro-dissected
tissues specific to venous wall invasion. In addition, the protein expression

validation of candidate genes was performed.



Materials and methods
Case selection

This study was performed after approval from the Institutional Review Board
(approval number: 2020-0234) with a waiver of the informed consent. Cases for
gene expression array and protein validation were collected from the records of
the Department of Pathology at the Asan Medical center, University of Ulsan

College of Medicine from 2005 to 2014.

Gene expression array using NanoString

The gene expression array was performed using NanoString. A total of 8 cases in
the NanoString set was divided into the following 3 groups, and manual
microdissection of formalin-fixed, paraffin-embedded (FFPE) tissues was
performed guided by hematoxylin and eosin-stained slides. 1) Portal/ superior
mesenteric vein with cancer invasion (VI); 2) Cancer without portal/ superior
mesenteric vein involvement (CA); 3) Normal portal/ superior mesenteric vein
(NV). RNA was extracted using FFPE RNeasy kit (Qiagen, Hilden, Germany) and
quality was measured by Agilent BioAnalyzer 2100 (Agilent Technologies, Santa
Clara, CA, USA) according to the manufacture's protocol. Twenty-four RNA
samples (matched 8 VI, 8 CA and 8 NV from each patient) were used for gene
expression assay using PanCancer Progression panel of NanoString with 770
probes containing 730 cancer- related and 40 housekeeping genes (NanoString
Technologies, Seattle, WA, USA). RNA (250-1200 ng) was hybridized with probes
and RNA transcripts number were counted by NanoString nCounter Digital
Analyzer (NanoString Technologies, Seattle, WA, USA). The raw data was
normalized and analyzed wusing nSolver Analysis software (NanoString

Technologies, Seattle, WA, USA).



Tissue microarray (TMA) for IHC validation

The validation for protein expression was performed in an independent cohort,
consisting of 205 PDACs without portal/ superior mesenteric vein involvement
(CA) and 15 PDACs containing foci of portal /superior mesenteric vein invasion
set (VI). Tissue microarrays (TMAs) were constructed from FFPE PDAC tissue
blocks using a manual tissue micro-arrayer (Uni TMA Co, Ltd, Seoul, Korea).
Selection criteria included areas with >75% of tumor cells, and no tumor necrosis.
TMAs for the CA set and VI set were constructed separately. 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 new recipient block along
with one core from a matched normal pancreas tissue. For the VI set, a 4.5mm
diameter punch was used to transfer a representative portal/ superior mesenteric
vein with cancer invasion from a donor block and transfer it to a new recipient

block.

Immunohistochemistry

IHC was performed on 4-pum-tick sections using a Ventana auto-stainer and an
ultra-View DAB Detection Kit (Ventana, Tucson, Arizona) as per the
manufacturer’s instructions, on representative lesions from FFPE tissues. Primary
antibodies for TIMP1 (clone EPR18352, abcam, UK, Cambridge, 1:500, Rabbit
monoclonal) and CXCR4 (clone UMB2, abcam, UK, Cambridge, 1:2000, Rabbit
monoclonal) were used. For TIMP1, the intensity was scored based on the
highest cytoplasmic intensity as follows: 0, negative staining; 1, weak staining; 2,
intermediate staining; 3, strong staining. However, if the area occupied was less
than 5%, it was evaluated as O regardless of intensity. For CXCR4 IHC, the
immunohistochemical score (IS) was calculated by multiplying the nuclear
intensity (0: negative; 1. weak, staining contour not visible at x40, but visible at

x100; 2: strong, staining contour distinct at x40) and the fraction (0: 0%; 1: <1/3;



2: 1/3 ~ 2/3; 3: >2/3) of expressing tumor cells. If possible, stromal cells or

inflammatory cells assessed in a similar manner to tumor cells.

Tissue immunolabeling and 3D imaging

Tissue immunolabeling and 3D imaging was performed as previously described
(15, 21). In brief, PDAC tissues were incubated and washed with PBS/0.2% Tween-
20 with 10 mg/mL heparin. Primary antibodies, including cytokeratin 19 (EP1580Y,
rabbit monoclonal; 1:200; Abcam, Cambridge, UK), desmin (goat polyclonal; 1:100,
LifeSpan Biosciences, Seattle, WA, USA), and TIMP1 (F31P2A5, mouse
monoclonal; 1:200; invitrogen, CA) were used. Following primary antibody
labeling, a number of steps including washing, secondary antibody incubation,
centrifugation, and sonication of tissues were performed. Then the tissue was
dehydrated with serially concentrated methanol, incubated and transferred to
dibenzyl ether (DBE) overnight. A confocal laser scanning microscope (LSM800;
Carl Zeiss, Jena, Germany) was used to visualize immunolabeled tissue structures
in 3D. A bandpass filter set with an excitation range of 480/40 nm and an
emission range of 525/50 nm was used to see the Alexa 488 signals of epithelial
cells, both normal ductal cells and cancer cells that express the cytokeratin 9. A
filter set with an excitation range of 400/40 nm and an emission range of 421/50
nm was used to see the DylLight 405 signals of desmin-expressing smooth
muscle cells. And filter set with an excitation range of 550/40 nm and an
emission range of 570/50 nm was used to see the Alexa 488 signals of TIMP1-
expressing tumor cells. 3D images were generated with IMARIS software (Version

9.4, Bitplane, Zurich, Switzerland).

Cell culture

Human pancreatic ductal cancer cell line, Pancl, was provided by Dr. JK Ryu and

cultured with Dulbecco’s modified Eagle's medium (DMEM, GIBCO, Waltham, MA).
5



Human endothelial cell line, EA.hy926 obtained from the American Type Culture
Collection (ATCC, Manassas, VA) maintained with DMEM. RPMI-1640 -culture
medium (Gibco, Waltham, MA) was used to culture human pancreatic cancer
associated fibroblast (CAF) that was isolated from primary pancreatic cancer cells.
These cell lines were grown with media containing 10% (v/v) fetal bovine serum
(FBS, Wellgene, Gyeongsan, Korea), penicillin (100 U/mL, Gibco) and streptomycin
(100pg/mL, Gibco) at 37 °C in a humidified atmosphere with 5% CO,. Pancreatic
cancer cells, endothelial cells, and CAF were indirectly co-cultured using a culture
insert (SPL, Pocheon, Republic of Korea) to create a vascular invasion mimicking
environment. 1x10° cells were seeded in 100 mm dish and other 5x10° cells/type

were co-cultured using insert with 8.0 um pore at indicated time.

siRNA transfection

Human TIMP1 siRNA was purchased from Ambion (Thermo Fisher Scientific, Waltham,
MA, USA). Pancl cells were transfected with siRNA for 48 h by oligofectamin according
to the manufacture's protocol (Invitrogen, Waltham, MA, USA). Pancl cells (2 x 105
cells) were transfected with 0.2 pM siRNA/oligofectamine complex in media
without FBS at 37°C for 4h, then FBS was added for final 10% concentration.
After 48h, Pancl cells were used for invasion assay or western blot analysis to
determine the TIMP1 effect on venous invasive ability of cancer cells. The
corresponding target sequence of siRNA are shown as following: TIMP1, 5'-

GAUGUAUAAAGGGUUCCAA-3" and scramble, 5'-UUCUCCGAACGUGUCACGU-3'.

Cancer cell invasion assay

The capacity of cancer cell invasion was assessed using the Boyden chamber

system with extracellular matrix (ECM) coated insert in 24-welll plate. Upper

chamber with 8.0 um pore were coated with VitroGel hydrogel matrix (TheWell
6



Bioscience, North Brunswick, NJ, USA) at 37°C for 20 min and then 1x10°
EA.hy926 cells were seeded in upper chamber for 6h. Then, fibroblasts (1x10°
cells/insert) were cultured in the upper chamber for overnight. Pancreatic cancer
cells (2x10° cells/insert) with or without siRNA transfection (for negative control)
were incubated to upper chamber with serum free media, while media containing
10% FBS were added in lower chamber. After 24 hours, invasive cancer cells were
penetrated through the matrix and chemo-attached to the film at the bottom of
the upper chamber. Cotton swabs were gently rubbed against the interior of the
upper chamber to remove non-invasive cells. Cell stain solution (Milipore,
Darmstadt, Germany) was used to stain invasive cells and 10% acetic acid was
used to dissolve them. Cancer cell invasiveness was assessed colorimetrically by

ELISA at 560 nm. All experiments were performed in triplicate.

Western blot analysis

SDS-PAGE was used to separate the whole cell protein from cell lines, and then
transferred to nitrocellulose membrane (Hybond-ECL, GE Healthcare, Chicago, IL,
USA). The membrane was incubated with primary antibody, followed by
secondary antibody conjugated with horseradish peroxidase. Specific antigen—
antibody complexes were detected by enhanced chemiluminescence (PerkinElmer,
Life science). Western blot analysis was performed with the following antibodies:
anti-TIMP1 antibody (Invitrogen, CA), anti-Akt, phospho-Akt (p-Akt, S473), Erk1/2,
phospho-Erk1/2 (Thr202/Tyr204), PI3Kp110 antibodies (Cell Signaling Technology,
MA), and anti-GAPDH antibody as loading control (Santa Cruz Biotechnology,
Dallas, TX, USA). Secondary antibodies were obtained from AbClon (Seoul,
Republic of Korea).

Statistical analysis

The R software (version 4.02 Vienna, Austria) was used to perform statistical
7



analyses. The relationship between each clinicopathologic parameter and the
TIMP1 or CXCR4 protein expression was investigated with the chi-square test or
the Student's t-test. The quantitative relationship between TIMP1 and CXCR4
expression was compared with the Corrgram vesion 1.14. P-values <0.05 were

considered as statistically significant.



Results
Clinicopathologic characteristics

The clinicopathologic characteristics of all cases, which were for the gene
expression array (n = 8) and for validation (n = 220), are summarized in Table 1.
The mean age of the patients was 63.4 + 10.6 years with a male to female ratio
of 1.32. A total of 14 tumors (6.1%) were well differentiated, 179 (78.5%)
moderately differentiated, and 35 (15.4%) poorly differentiated. And the tumor
size was 3.86 + 1.96 cm. Lymphovascular and perineural invasion were identified
in 99 (434%) and 189 (82.9%) cases, respectively. Margin involvement was
identified in 55 (24.1%) cases. Based on the 8" edition of AJCC cancer staging
scheme, four cases were in T1(1.8%), 24 T2 (10.5%), and 200 T3 (87.7%).
According to N category, ninety-three were NO (40.8%), 104 N1 (45.6%), and 31

N2 (13.6%) tumors, respectively.

Candidate genes for venous invasion through NanoString gene expression

assay

When comparing the VI group and the other two groups (CA, NV), the genes
that showed a difference of more than two-fold in gene expression level and p-
value <0.05 were TIMP1, CXCR4, OLFML2B, and DLFM2B (Figure 1 and 2), and
the corresponding genes were selected as candidates for venous invasion

biomarkers.

Protein expression of TIMP1 and CXCR4 genes

Through pilot IHC study, TIMP1 and CXCR were chosen as potential venous

invasion biomarkers that had their proteins validated (Figure 3). Based on the

intensity of TIMP1 expression, PDACs were divided into two categories (TIMP1

strong, intensity 2 and 3; TIMP1 weak, intensity O and 1, Figure 4). The strong
9



TIMP1-expression rate of VI set was higher (86.7%) than CA set (45.0%, figure 5,
p = 0.026). Compared with clinicopathologic parameters, PDAC with strong
TIMP1-expression group more commonly had lymphovascular invasion than
those with weak-TIMP1 expression group (55.6% versus 10.1%, p < 0.001, Table
2). PDAC patients with strong TIMPl-expression had a poor 5-year overall
survival (8.6%) than those with weak TIMP1-expression (15.4%, p = 0.027, Figure
6).

The result of CXCR4 IHC were evaluated using IS (Figure 7). As a result, six
different ISs in total were generated, with each IS's matching number of instances
in the VI / CA set is presented in Figure 8. The IS of the VI group (4.73 + 2.22)
for CXCR4 was greater than that of the CA group (1.14 + 148, p < 0.001, Figure
9). PDACs were divided into two categories based on the IS of CXCR4 expression
(CXCR4 strong, IS >3; CXCR4 weak, IS <3), and compared with clinicopathologic
parameters (Table 3). PDAC with strong CXCR4 expression was older than those
with weak expression (p = 0.01, Table 3). There was no significant difference in
5-year overall survival according to CXCR4 expression status (Figure 10, p = 0.8,

CXCR4 strong group; 11.8%, CXCR4 weak group,10.6%)

In addition, a 3D multicolor immunofluorescent labelling image demonstrated
the expression of TIMP1 in foci of venous invasion of the PDAC. Cytoplasmic
TIMP1 expression was clearly visible in tubule-forming cancer cells inside the
muscular venous wall, which was similar to that of the 2D immunohistochemical

staining (Figure 11).

Association between TIMP1 and CXCR4 in cell migration and invasion

To analyze the association between TIMP1 and CXCR4 in cell migration and
invasion, we compared the expression of TIMP1 and CXCR4 in tumor, stroma, and
inflammatory cells. As a result, there was no discernible link between TIMP1 and

CXCR4 expression among tumor, stroma, and inflammatory, with correlation

10



coefficients of 0.37, 0.35, and -0.01, respectively (Figure 12). We only found a
correlation of IS of CXCR4 between tumor, stroma, and inflammatory cells
(Correlation coefficients: Tumor- stroma, 0.79; tumor- inflammatory cells, 0.52;

stroma- inflammatory cells, 0.53).

The effect on TIMP1 in venous invasion ability of pancreatic cancer cell line

To investigate the influence of TIMP1 on venous invasion capacity, an invasion
ability assay was performed using Boyden chamber coated with matrix and
EA.hy926 endothelial cell after transfection of Pancl with TMP1 siRNA. Pancl
cells" ability to invade was reduced by around 1.2-fold when TIMP1 expression
was lowered as compared to cells with scrambled siRNA transfected (p = < 0.01;
Figure 13A). However, in the absence of CAF, TIMP1 suppression did not lessen
the capacity of cancer cells to invade. Additionally, cancer cell invasion ability

increased as the number of CAF increased (p = < 0.001; Figure 13B).

The association of TIMP1 expression of pancreatic cancer cell with

TIMP1/PI3K/Akt signaling pathway in venous invasion

To explore the TIMP1 signaling pathway in pancreatic cancer with venous
invasion, Pancl, EA.hy926, and CAF were indirectly co-cultured to mimic
microenvironment of venous invasion. As the co-incubation time increased, the
expression of TIMP1 in cancer cells increased. Along with increased TIMP1
expression, the PI3Kp110 and phosphorylation of Akt and p42 MAPK expressions
were also increased. In contrast, total Akt and p44/42 MAPK expression remained

unchanged (Figure 14).
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Table 1. Clinicopathologic characteristics of cases used in this study

Age (yr) 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%)
Size (cm) 3.86+1.96
Lymphovascular invasion Present 99 (43.4%)
Absent 129 (56.6%)
Perineural invasion Present 189 (82.9%)
Absent 39 (17.1%)
Resection margin status Involved 55 (24.1%)
Uninvolved 173 (75.9%)
T category T 4 (1.8%)
T2 24 (10.5%)
T3 200 (87.7%)
N category NO 93 (40.8%)
N1 104 (45.6%)
N2 31 (13.6%)
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Table 2. Clinicopathologic factors according to TIMP1 expression status

TIMP1 expression

Weak (0,1) Strong (2,3) p-value
Age 63.3+9.65 62.3+10.5 0.55
Sex Male 47 (59.5%) 46 (51.1%)
Female 32 (40.5%) 44 (48.9%) 095
Differentiation WD 9 (7.6%) 3 (3.3%)
MD 63 (79.7%) 69 (76.7%) 0.24
PD 10 (12.7%) 18 (20.0%)
Size 3.85+2.39 3.92+1.77 0.84
Lymphovascular
Present 8 (10.1%) 50 (55.6%)
invasion < 0.001
Absent 71 (89.9%) 40 (44.4%)
Perineural invasion Present 62 (78.5%) 75 (83.3%)
Absent 17 21.5%) 15 (16.7%) 0:54
Resection margin
Involved 12 (15.4%) 21 (23.6%)
status 0.26
Uninvolved 66 (84.6%) 68 (76.4%)
T category T 2 (2.5%) 1(1.1%)
T2 5 (6.3%) 2 (2.2%) 0.31
T3 72 (91.1%) 87 (96.7%)
N category NO 39 (49.4%) 37 (41.1%)
N1 35 (44.3%) 44 (48.9%) 0.47
N2 5 (6.3%) 9 (10%)
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Table 3. Clinicopathologic factors according to CXCR4 expression status

CXCR4 expression
Weak (IS<3) Strong (1S23)
value
Age 62.4+9.81 68.59+8.37 0.01
Sex Male 83 (55.3%) 12 (70.6%)
0.35
Female 67 (44.7%) 5 (29.4%)
Differentiation WD 6 (4.0%) 1 (5.9%)
MD 120 (80.0%) 14 (82.4%) 0.85
PD 24 (16.0%) 2 (11.8%)
Size 3.87+1.87 4.40+2.43 0.29
Lymphovascular
Present 62 (41.3%) 6 (35.3%)
invasion 0.83
Absent 88 (568.7%) 11 (64.7%)
Perineural
Present 127 (84.7%) 13 (76.5%)
invasion 0.60
Absent 23 (15.3%) 4 (23.5%)
Resection margin
Involved 29 (19.6%) 3 (17.6%)
status 1.00
Uninvolved 119 (80.4%) 14 (82.4%)
T category T1 1(0.7%) 1(5.9%)
T2 4 (2.7%) 0 (0%) 0.14
T3 145 (96.7%) 16 (94.1%)
N category NO 63 (42.0%) 7 (41.2%)
N1 67 (44.7%) 7 (41.2%) 0.88
N2 20 (13.3%) 3 (17.6%)
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Figure 1. Representative image of uncovered hematoxylin and eosin-stained slide for
manual microdissection. Portal/ superior mesenteric vein with cancer invasion area

(dashed) before (A) and after (B) manual microdissection.
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Figure 2. Scatter plot showing gene expression fold change of vascular invasion group

(VI) compared to cancer (CA) and normal vessel (NV) group.
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Figure 3 Representative images of portal/ superior mesenteric vein with cancer invasion
(A) showing diffuse strong immunoreactivity for TIMP1 (B) and CXCR4 (C) (X2.3, X20 in

inlet)
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Figure 4 TIMP1 immunohistochemical (IHC) sections with different intensity (A) TIMP1
IHC intensity 3 (200x); (B) TIMP1 IHC intensity 2 (200x); (C) TIMP1 IHC intensity 1 (200x);
(D) TIMP1 IHC intensity 0 (200x). TIMP1 IHC intensity 2 and 3 were classified as TIMP1

strong, and TIMP1 IHC intensity of 1 and O were classified as TIMP1 weak.
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Figure 5. Number of strong TIMP1-expression cases in VI and CA set. The proportion of
strong TIMP1-expression cases in the VI set is 86.7% (13/15), which is higher than the CA

set (45%, 9/20)
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Figure 6. Overall survival according to TIMP1 status (5-year overall survival rate: TIMP1

strong, 8.6%; TIMP1 weak, 15.4%; P = 0.027).
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Figure 7. CXCR4 immunohistochemical (IHC) sections with different scores in tumor,
inflammatory, and stromal cells. (A) CXCR4 IHC score 2, in tumor, inflammatory and,
stromal cells (200x); (B) CXCR4 IHC score 1 in tumor cells, (400x); (C) CXCR4 IHC score 0
in tumor and stromal cells and CXCR4 IHC score 1 in inflammatory cells. (200x); (D)

CXCR4 IHC score 2 in inflammatory cells (400x).
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Figure 8. Number of cases for each CXCR4 immune-score in VI and CA set. The
proportion of VI set in the immune-score 6 is 55% (11/20), which is higher than the CA

set (45%, 9/20)
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Figure 9. Box-plot of CXCR4 Immune-score in CA and VI set. The immune-score of the VI

set (4.731£2.22) is higher than that of CA set (1.14+1.48, p value<0.001)
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Figure 10. Overall survival according to CXCR4 expression status (5-year overall survival

rate: CXCR4 strong, 11.8%; CXCR4 weak, 10.6%; P = 0.8).
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Figure 11. Representative image of multicolor immunofluorescent labeling of pancreatic
ductal adenocarcinoma tissue with vascular invasion. TIMP1 expression (Red) is well

observed in tubule forming cancer cells (Green) inside the vein (Blue)
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Figure 12. Scatter plot showing association between CXCR4 (tumor, stroma, and
inflammatory cells) and TIMP1 using immune-score (IS). There is a correlation between IS
of CXCR4 tumor, stroma, and inflammatory cells with correlation coefficients of 0.79, 0.52,
and 0.53 respectively. And there is no significant correlation between IS of TIMP1 and

CXCR4 (tumor, stroma, and inflammatory cells).
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Figure 13. Invasion ability assay by boyden chamber system. (A) Inhibition of TIMP1 by

siRNA reduced Pancl cell invasion ability in the presence of CAF. (B) The effect of the

CAF cell count in invasion ability. Cancer cell invasion ability increased as the number of

CAF increased.

27



Panc1

0 20 40 80 160 min

280 B ! TIMP1

- — . e Phospho-Akt

W S e @ | Total-Akt

-~ : 3 n s Phospho-p42 MAPK

—— Total-p44 MAPK
w—-—-—-aass Total-p42 MAPK

E ! ’ ! ! GAPDH

Figure 14 Western blot analysis in co-culture condition. Expression of TIMP1 increased

along with PI3Kp110, phospho-AKT, and phospho-p42 MAPK as co-incubation time
increased. While total Akt and p44/42 MAPK expression remained unchanged. GAPDH

was used as loading control.

28



Discussion

In this study, TIMP1 was selected as a responsible gene involved in the large
venous wall invasion of PDAC by utilizing gene expression array. Furthermore,
protein validation was conducted with independent cohort and revealed that the
lymphovascular invasion is more frequently observed in the strong TIMP1-
expression group than in the weak TIMPl-expression group, which was also

associated with lower overall survival rate.

Tissue inhibitor of metalloproteinase 1 (TIMP1) is a pleiotropic extracellular
protein belonging to the TIMP family along with TIMP2, 3, and 4 (22, 23). TIMP1
was initially known to inhibit cancer invasion or metastasis as an inhibitor of
MMP (24-26). However, several recent studies have revealed the ability of TIMP1
to regulate angiogenesis, epithelial-mesenchymal transition, and cell proliferation
independent of its MMP inhibitory function (23, 24, 27, 28). Especially, the
relationship between TIMP1 overexpression and poor prognosis has been
revealed in several malignancies, such as breast (29, 30), colon (28, 31, 32),
stomach (33-35), lung (36, 37), kidney (38), liver (39), and endometrium (40), and
malignant melanomas (41, 42). In most studies, public data such as TCGA or
Oncomine was used to verify the association between TIMP1 mRNA expression
and unfavorable prognosis(28, 31, 38, 42). Additionally functional studies were
conducted through western blot and invasion assay. In some studies, protein
validation was performed through IHC using IS, such as multiplying or adding

IHC intensity and area(28, 34, 39).

However, in the PDAC, other than some studies indicating that TIMP1 in serum
or urine has a diagnostic value for detecting pancreatic malignancy (43, 44), there
has been no study confirming TIMP1 expression in tissue analyzing its clinical
significance or prognostic importance of the PDACs. As there is no standard
scoring system to evaluate TIMP1 IHC expression, comparable to approaches of
multiplying or adding IHC intensity used in previous studies conducted on other
organs (28, 39), we evaluated both intensity and extent of TIMP1l expression

29



semi-quantitatively. Our result showed strong TIMPl expression was more
commonly noted in VI set than CA set. The frequency of lymphovascular invasion
was higher in strong TIMP1-expression group than in the weak TIMP1-expression
group, suggesting that TIMP1 may play a role in large venous wall invasion in
PDAC, which is consistent with previous reports about TIMP1 as an oncogene in

cancers from other organs.

CXCR4, which was also selected as a candidate gene related to large venous
wall invasion through gene expression array, is a chemokine receptor subfamily
(45). Several studies in colon (46, 47), and stomach (48) cancers showed
association between the nuclear CXCR4 expression and worse survival. However,
there were several studies with conflicting results. Spano et al described that the
nuclear CXCR4 expression leads to better prognosis (49), while Nikkhoo B et al
and Salvucci O et al suggested that cytoplasmic CXCR4 expression is an
important for prognosis (50, 51). Additionally, some studies demonstrated that
CXCR4 expression is associated with worse prognosis regardless of the
expression pattern (52-54). These conflicting results might be due to variation of

anbibody, interpretation of the staining, and heterogenous tumor types.

In this study, CXCR4 nuclear expression in VI group was higher than that of CA
group. However, statistically relevant clinicopathologic feature was not observed
including patient survival. We observed a few cases with both cytoplasmic and
nuclear CXCR4 or cytoplasmic CXCR4 expression in tumor cells (19/167, 11.4%).
Most showed focal and weak positivity, and its significant statistical difference

with clinicopathologic feature and prognosis did not find.

Although there was no direct relationship between TIMP1 and CXCR4 in the

molecular pathway, they might have overlapped or complementary roles in

regulating cell migration and invasion depending on the specific cellular context.

For example, TIMP1 may regulate the activity of metalloproteinases, which can

activate CXCL12, leading to activation of the CXCL12/CXCR4 pathway and

increased cell migration (38, 55). As such, both TIMP1 and CXCR4 are involved in
30



cell migration and invasion, we analyzed the relationship between TIMP1 and

CXCR4, but did not find any correlation.

Invasion ability of TIMP1 on venous wall in PDAC only affect when Pancl co-
cultured with CAF. This suggests that CAF play an important role in the TIMP1-
induced invasion pathway in PDAC. In addition, our western blot analysis
revealed increased TIMP1 expression along with PI3Kp110, phospho-AKT, and
phospho-p42 MAPK. This finding is consistent with previous reports on the
relationship between TIMP1 and PI3K/Akt or MAPK pathways in various cancers
(28, 56-59),. Therefore, TIMP1 expression in PDAC with venous invasion may be
induced by activating PI3K/Akt and MAPK signaling pathway.

In conclusion, the present study identified TIMP1 as a biomarker for venous
invasion of PDAC and has shown that the TIMP1/PI3K/Akt pathway play a role in
the process of venous invasion. These findings provide valuable insights for
TIMP1 signaling as a promising molecular target preventing venous wall invasion

for patients with PDAC.
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