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Abbreviations

Pancreatic ductal adenocarcinoma (PDAC) is a highly fatal metastatic dis-
ease associated with robust activation of the coagulation and fibrinolytic
systems. However, the potential contribution of the primary fibrinolytic
protease plasminogen to PDAC disease progression has remained largely
undefined. Mice bearing C57Bl/6-derived KPC (KRas®'??, TRP53R!7?H)
tumors displayed evidence of plasmin activity in the form of high plasmin—
antiplasmin complexes and high plasmin generation potential relative to
mice without tumors. Notably, plasminogen-deficient mice (Plg") had signif-
icantly diminished KPC tumor growth in subcutaneous and orthotopic
implantation models. Moreover, the metastatic potential of KPC cells was
significantly diminished in Plg" mice, which was linked to reduced early
adhesion and/or survival of KPC tumor cells. The reduction in primary
orthotopic KPC tumor growth in Plg” mice was associated with increased
apoptosis, reduced accumulation of pro-tumor immune cells, and increased
local proinflammatory cytokine production. Elimination of fibrin(ogen),
the primary proteolytic target of plasmin, did not alter KPC primary
tumor growth and resulted in only a modest reduction in metastatic poten-
tial. In contrast, deficiencies in the plasminogen receptors Plg-RKT or
S100A10 in tumor cells significantly reduced tumor growth. Plg-RKT
reduction in tumor cells, but not reduced SI00A10, suppressed metastatic
potential in a manner that mimicked plasminogen deficiency. Finally,

AlF-1, allograft inhibitory factor-1; ASO, antisense oligonucleotide; EMT, epithelial-to-mesenchymal transition; EPP, endogenous plasmin
potential; FDP, fibrin degradation products; G-MDSCs, granulocytic myeloid-derived suppressor cells; KPC, KRasG72D, TRP537'7?H  Elastase-
Cref; LLC, Lewis Lung Carcinoma; PAP, plasmin-antiplasmin complexes; PAR, protease-activated receptor; Plg, plasminogen; Plg-RKT,
plasminogen receptor-KT; PPP, platelet poor plasma; ROI, regions of interest; TF, tissue factor; tPA, tissue plasminogen activator; uPA,
urokinase plasminogen activator; uPAR, urokinase plasminogen activator receptor; VTE, venous thromboembolism.
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tumor growth was also reduced in NSG mice subcutaneously or orthotopi-
cally implanted with patient-derived PDAC tumor cells in which circulating
plasminogen was pharmacologically reduced. Collectively, these studies
suggest that plasminogen promotes PDAC tumor growth and metastatic
potential, in part through engaging plasminogen receptors on tumor cells.

1. Introduction

Pancreatic Ductal Adenocarcinoma (PDAC) has the
highest rate of mortality among all solid tumors with
a S-year survival rate at diagnosis of 12%, and this
decreases to 3% in metastatic disease according to the
American Cancer Society [1]. It is one of the eight
deadliest cancers in the United States with > 62 000
new cases expected to be diagnosed annually resulting
in > 50 000 deaths. A common pathological manifesta-
tion in PDAC is local and systemic activation of the
coagulation system. PDAC has the highest rate of
cancer-associated venous thromboembolism (VTE) and
VTE is decidedly correlated with disease aggressiveness
[2-4]. Notably, there is a reciprocal relationship
between the coagulation system and PDAC as coagula-
tion system components, such as tissue factor and pro-
thrombin, have been linked to PDAC disease
progression [5]. The most common type of oncogenic
mutation in PDAC is an activating KRAS mutation,
which is observed in > 90% of patient biopsies [6,7].
Activated KRAS results in significant upregulation in
expression of tissue factor (TF; F3) [8-10], the initiator
of the coagulation cascade [11]. TF leads to activation
of the central coagulation protease thrombin. Throm-
bin cleaves soluble fibrinogen leading to the formation
of fibrin matrices. Thrombin also drives cell signaling
through protease-activated receptors (PAR)-1, -3, and
-4. TF, thrombin, and PAR-1 have each been linked to
PDAC tumor progression, and fibrin(ogen) has been
implicated in supporting tumor growth and metastasis
of multiple epithelial cell-derived malignancies [5,12,13].

A counterbalance to the coagulation system is the
plasminogen activation/fibrinolytic system. Plasmino-
gen (Plg) is a 92 kDA single-chain glycoprotein syn-
thesized by the liver and is secreted in blood as an
inactive zymogen [14]. Plasminogen is converted to its
active form plasmin through the action of two plas-
minogen activators, tissue plasminogen activator (tPA)
and urokinase plasminogen activator (uPA) [15,16].
The classical role of plasmin is in fibrinolysis, which is
the process of clearing fibrin-rich matrices either in the
form of blood clots or in the extravascular space.
Notably, PDAC disease progression is also linked to

upregulation in fibrinolytic proteins. Specifically, onco-
genic KRAS upregulates uPA and uPA receptor
(uPAR) expression in PDAC tumor cells, and uPA
and uPAR expression in PDAC is strongly correlated
with poor patient prognosis [17-19]. Increased levels of
tPA have also been identified in PDAC tumor homog-
enates [20]. Current data suggest that pericellular pro-
teolysis in the TME and tumor cell signaling via the
uPA/uPAR system plays a crucial role in enabling
tumor cell invasion, migration, and metastasis in pan-
creatic cancer [21,22]. However, the potential contribu-
tion of plasminogen itself to PDAC tumor growth and
metastasis has not been defined.

Here, we determine the role of plasminogen in
PDAC tumor growth and metastasis using mouse and
human xenograft models of pancreatic cancer. We
demonstrate the efficacy of suppressing plasminogen in
circulation and its effect on reducing tumor progres-
sion and metastatic burden. Elimination of plasmino-
gen from the PDAC TME resulted in changes in the
accumulation of tumor-supporting cells and tumor
cell survival. Finally, we investigated whether PDAC
tumor growth was linked to the primary substrate of
plasmin proteolytic activity and the expression of plas-
minogen receptors, including Plg-RKT and S100A10
by tumor cells.

2. Materials and methods

2.1. PDAC cell lines

C57Bl/6J-derived KPC2 tumor cell lines were gener-
ated from individual primary tumors derived from
KPC (KrasS'?P, p53RI72H1* = Elas-Cre™ ") mice at
Purdue University as previously described [5]. KPC2-
GFP cells were previously described [5]. Cells were
maintained in RPMI1640 medium containing 10%
FBS and 1% penicillin/streptomycin. Lentivirus encod-
ing shPlgrkt, shS100A10, and shControl were obtained
from Sigma, Burlington, MA, USA (Plgrkt: TRCN
0000305338, S100A10: TRCNO0000097667, and Con-
trol:  shRNA  Control Transduction Particles
SHC002V). KPC cell lines were pathogen tested by
IDEXX Laboratories. The results of pathogen testing,
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including mycoplasma analysis, were negative. Low-
passage patient-derived Pa02C and Pa03C cells were
gifted from Dr. Anirban Maitra (Johns Hopkins Uni-
versity) and cultured in DMEM supplemented with
10% FBS. These human PDAC cells, Pa02C and
Pa03C, were generated from hepatic metastatic lesions
of male patients with stage IV pancreatic cancer. The
Pa02C (RRID:CVCL_E302) and Pa03C (RRID:
CVCL_E301) cells have KRAS Missense Q61H and
G12D mutations and p53 Missense L257P and L344P
mutations, respectively. STTR analysis was performed
to authenticate these cells and routinely confirmed that
they were mycoplasma-free.

2.2. Subcutaneous and orthotopic tumor growth
and experimental lung metastasis assay

All in vivo animal studies were conducted in compli-
ance with guidelines of National Institutes of Health
and approved by the Institutional Animal Care and
Use Committees of the University of North Carolina
at Chapel Hill (IACUC Protocol #22-164.0) or the
Indiana University School of Medicine (IACUC Pro-
tocol #21165). Experiments with KPC2 cells employed
previously described plasminogen-deficient mice [23],
Plg-RKT-deficient mice [24], fibrinogen-deficient mice
[25], or fibrinogen™*¥ mice on a C57BI/6 background
[26] as well as matched littermate controls were bred
in-house. The Plg-RKT were generated at Scripps
Research Institute but utilized at University of North
Carolina at Chapel Hill. The plasminogen-deficient,
fibrinogen-deficient, and fibrinogen** mice have been
bred in Flick laboratory since being generated. For
each experiment, 8—12 week old male and female mice
were analyzed in separate independent experiments
and no difference in tumor growth and metastasis was
detected based on sex. Mice were housed in 12-h
light/dark cycle with ad [libitum access to food and
water. For subcutaneous KPC2 tumor studies, cells
were injected into the intrascapular region at a concen-
tration of 2.5 x 10° cells in 100 puL sterile PBS.
Tumors were measured over time and tumor volume
was calculated as: Volume = (Length x Width?)/2. At
the end of the study, tumors and whole blood were
harvested for analysis 4 weeks after injection. Orthoto-
pic KPC2 cell injections were performed at a concen-
tration of 5 x 10* cells in 20 uL sterile PBS. Tumor
tissue and whole blood were harvested 3 weeks after
injection. For experimental metastasis assays, 5 x 10*
KPC2 cells or 2.5 x 10° KPC2-GFP cells in 200 pL
PBS were administered by tail vein injection. Lung tis-
sue was harvested at various time points, weighed, and
fixed for histology. In KPC2 experiments in which
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circulating plasminogen was reduced pharmacologi-
cally, Plg antisense oligonucleotide (ASO) or control
ASO was used as previously described [27]. Here,
C57Bl/6 mice (University of North Carolina at Chapel
Hill) received twice per week intraperitoneal injections
with either Control ASO or Plg Gal-Nac ASO at
7.5 mg/kg, as described [27,28]. To ensure plasminogen
levels were stably reduced at the time of tumor growth
initiation, ASO treatment began 2 weeks prior to
tumor cell injection. Foci were enumerated by count-
ing total surface macrometastatic foci or counting
GFP" micrometastatic foci in the left lung lobe with
IMAGEIJ, as described [5].

Experiments evaluating human PDAC lines, Pa02C
or Pa03C utilized NSG (NOD.Cg-Prkdescid
I12rgtm1Wjl/SzJ) male mice of 6-8 weeks of age pur-
chased from the Preclinical Modeling and Therapeutics
Core (IU Simon Comprehensive Cancer Center) and
maintained in pathogen-free conditions and a 12-h
light/dark cycle with ad [libitum access to food and
water. All food, water, bedding, and cages were auto-
claved and mice were handled under a laminar flow
hood. NSG mice were pretreated with either a stan-
dard or Gal-Nac Control-ASO or Plasminogen-ASO
for 2 weeks prior to tumor implant. Animals were
dosed twice a week with Cont-ASO or PIg-ASO at
either 150 mgkg™' (standard ASOs) or 7.5 mgkg '
(Gal-Nac ASOs) intraperitoneally for the duration of
the study as previously described [27,28]. For subcuta-
neous studies, Pa03C cells (2.5 x 10° and Pa02C
(5 x 10% in 50:50 Matrigel were implanted and moni-
tored by a caliper. Orthotopic studies used Pa03C cells
(1.3 x 10* that were implanted into the pancreas fol-
lowing 2 weeks of pretreatment. At necropsy, primary
tumors, livers, and lungs were collected and weighed.
Tissues were harvested, fixed in 10% neutral buffered
formalin, and processed for histological analysis or
flash frozen for RNA and protein extraction.

2.3. Cell proliferation and soft agar Colony
formation assays

Cell growth rates were evaluated as previously
described [5]. Briefly, 500 cells of each cell line were
seeded in six replicates in a 24-well plate in complete
growth media. At 24, 48, 72, 96 h the plates were
washed with 1x PBS before being frozen at —80 °C.
All the plates were thawed to room temperature and
wells incubated for 5 min with fluorescence dye mixed
CyQUANT lysis buffer. The fluorescence intensity was
measured at excitation of 480 nm and emission of
520 nm. The doubling time was calculated using the
intensities.

Molecular Oncology 18 (2024) 113-135 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 115

Federation of European Biochemical Societies.


info:x-wiley/rrid/RRID:SCR_019060
info:x-wiley/rrid/RRID:CVCL_E301
info:x-wiley/rrid/RRID:CVCL_E301

Plasminogen deficiency reduces PDAC disease

A soft agar colony formation assay was performed
as defined previously [5]. For the soft agar experiment,
10 000 cells were resuspended in 1 mL 2x complete
RPMI, mixed with 1 mL warmed 0.6% agarose and
plated over a solidified 1% agarose in 1x RPMI. Fol-
lowing the solidification of the top layer, 2 mL of
RPMI was added and cultured at 37 °C for 21 days
with continuous medium changes every third day. Col-
onies were fixed, stained with 0.05% crystal violet, and
counted.

2.4. Plasma collection and analysis of plasmin
generation, plasmin-antiplasmin complexes,
fibrinogen, and fibrin degradation products

Whole blood was collected through inferior vena cava
of mice into sodium citrate and platelet poor plasma
(PPP) was prepared by centrifugation. ELISAs were
used to measure fibrinogen (1 : 10 000 diluted PPP;
Mouse Fibrinogen ELISA, Immunology Consultants
Laboratory Inc., Portland, OR, USA), plasmin-
antiplasmin complexes (1 : 2 diluted PPP; Mouse PAP
ELISA, MyBioSource, Inc., San Diego, CA, USA),
and fibrin degradation products (undiluted PPP; Asser-
achrom D-Di, Diagnostica Stago, Asnieres sur Seine,
France). Plasmin generation on PPP was performed as
previously described [29]. Briefly, trigger solution (TF,
phospholipids, and rtPA) was added to reaction wells
and op-macroglobulin-plasmin to calibrator wells.
Reactions were initiated by adding substrate/calcium
solution (0.5 mM Boc-Glu-Lys-Lys-AMC substrate,
16.6 mm CaCl,, 60 mg-mL_1 bovine serum albumin in
20 mm HEPES, 0.02% NaNj;, pH 7.3) to diluted
plasma. Reactions were monitored every 20 s with a
fluorometer (Fluoroskan Ascent, Thrombinoscope,
Maastricht, The Netherlands) equipped with a dis-
penser and 390/460 filter set (excitation/emission).
Data were analyzed to yield parameters: lag time,
TtPeak, velocity, peak, and endogenous plasmin
potential (EPP).

2.5. Histology and immunohistochemistry

For the tissue microarray (TMA) study, human PDAC
tumor tissue and normal adjacent pancreas sections
were obtained from the Indiana University Simon
Comprehensive Cancer Center Biospecimen Collection
and Banking Core from August 2010 to February
2021. Patients consent was obtained under institutional
biobanking collection protocols TUSCC-0678 Total
Cancer Care (IRB: #1807389306), ITUCRO-0280
IUSCC Tissue Bank (IRB: #1106005767) or
TUCRO-0454 (IRB: #1312105608) for use of biological

N. N. Chowdhury et al.

specimens in cancer research. All methods were con-
ducted under standards set by the Declaration of Hel-
sinki. Written informed consent was obtained from
each subject and was recorded in a protected database,
and methodologies were approved by the IU Human
Subjects Office Institutional Review Board. Tumor,
pancreas, liver, or lung tissue were fixed n 10% forma-
lin solution overnight and processed into paraffin for
sectioning. For immunohistochemistry, tissue slides
were stained with primary antibodies for phospho-H3
(1 : 1000, Millipore Sigma 06570, Burlington, MA,
USA), Ki67 (1:800, Cell Signaling Technology,
cat#12202S), cleaved-caspase-3 (1 : 1000, Cell Signal-
ing, Danvers, MA, USA, cat# DI175), CD31 (1 : 20,
Dianova, cat# SZ31), CD3 (1 : 100, Dianova, Ham-
burg, Germany, cat# DIA-303), AIF-1 (1 : 2000, Fuji-
Film WAKO Chemicals, Richmond, VA, USA,
cat#019-19 741), Ly6G (1 : 8200, BioXcell, Lebanon,
NH, USA, cat# BE0075-1), fibrinogen (1 : 200,
Agilent-DAKO, Santa Clara, CA, USA, cat# A0080).
Positive staining was detected with a biotinylated sec-
ondary antibody (Vector Labs Cat#BA-1000-1.5 or
Vector Labs Cat#BA-9400-1.5, Newark, CA, USA),
followed by Vectastain ABC (Vector Labs ELITE per-
oxidase kit — cat# PK-6100 or Vector Labs Alkaline
Phosphatase kit —cat#AK-5000), and developed using
VIP (Vector cat# SK-4600), SIGMAFAST™ 3,3'-
Diaminobenzidine tablets (Sigma cat# D4293), or
SIGMAFAST™ Fast Red TR/Naphthol AS-MX Tab-
lets (Sigma cat# F4523). Slides were counterstained
with Methyl Green (Vector cat# H-3402-500) or
hematoxylin (Ricca Chemical Company cat#
353032, Arlington, TX, USA). For analysis
of KPC tumors, the quantification of the number
of positively stained cells or stained areas in 4
non-overlapping 10x fields were performed using
IMAGE]J.

For analysis of Pa02C or Pa03C tumors, the num-
ber of positively stained cells were determined using
Aperio positive pixel count from analysis of whole tis-
sues. To ensure representative areas were captured
during each downstream analysis, tumor tissues were
sectioned into two halves and each half was either
fixed in 10% formalin or flash frozen for protein or
RNA analysis. Similarly, the left lobe of each liver was
fixed for histology and the remaining tissue was flash
frozen. Finally, one of the lungs was fixed in formalin
while the other one was flash frozen. For quantitative
analysis of metastasis to liver and lungs, the image
analysis software HALo (Indica Labs, Albuquerque,
NM, USA) was used to analyze whole tissue sections
to determine the area of metastatic lesions in liver and
lungs. This software utilized a machine learning
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algorithm to identify tumor cells that are present
within the tissues of interest. The algorithm detected
the tumor cells and calculated those regions as per-
centage of total tissues using the HALO classifier. A
semiquantitative histopathological scoring system was
used as an additional approach to quantify spontane-
ous metastatic lesions in the fixed liver and lung tis-
sues. A score of 0-3 was assigned to H&E-stained
tissue sections based on the number and size of lesions.
A score of 0 indicates that the tissue has no metastatic
lesions, 0.5 indicates that lesions are very small (10
cells or less) and no more than two lesions are present,
1 indicates that three to five small lesions are present
in the tissue, 2 indicates that more than five moder-
ately sized lesions are present within the tissue and
finally 3 indicates multiple large lesions present. These
were scored by two pathologists with the identity of
the sample blinded.

2.6. RT-qPCR

Tumor and liver tissues were homogenized in Trizol
Buffer (Invitrogen, Waltham, MA, USA; cat# 15596026)
and total RNA was extracted per manufacturer’s
recommendations. cDNA was synthesized using 1 pg of
RNA with High-Capacity RNA-to-cDNA™ Kit
(ThermoFisher Scientific, Waltham, MA, USA; cat#
4387406) following the manufacturer’s instructions.
Quantitative RT-qPCR was performed with the
TagMan™ Gene Expression Master Mix (ThermoFisher
Scientific cat# 4369016) using probes for Plg (Mm0044
7087_ml), Fga (Mm00802584_ml), Egf (Mm00438696_m1),
Hgf (MmO01135184 ml), Fgf2 (MmO01285715_ml), Tgfbl
(Mm01178820_m1), Mmpl (MmO00473485_ml), Mmp2
(Mm00439498 ml), Mmp9 (Mm00442991_ml), Mmpl3
(Mm00439491_m1), 71/b (Mm00434228 ml), Il6 (MmO0044
6190 _ml), 7710 (MmO01288386_ml), Cdhi (MmO0124
7357_ml), Plgrkt (MmO00509491_gl1), or S100al0 (MmO0050
1458 gl). All transcripts level were normalized to the
housekeeping internal control B2m (Mm00437762_ml).
Relative transcript changes were determined using the Pfaffl
method.

2.7. Western blot for fibrin and EMT marker
analysis

Hepatic fibrin(ogen) levels were measured as described
[30] after detergent lysis of snap frozen liver and incu-
bation of insoluble protein in reducing conditions (i.e.,
Urea/DTT/EDTA). Equivalent amounts of reduced
insoluble protein, determined using the corresponding
soluble protein concentration, were subjected to capil-
lary western blotting (Wes, 12-230 kDa 25-capillary
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gels, ProteinSimple, San Jose, CA, USA) for B poly-
peptide using a chain-selective antibody (16747-1-AP,
Proteintech, Chicago, IL, USA) [31]. Quantification of
B polypeptide peak area was performed using Compass
software (ProteinSimple).

For EMT markers, flash frozen primary tumor tissue
was processed and lysed in 1% SDS solution followed
by homogenization on ice with a probe sonicator to
obtain protein lysates. Protein quantification was per-
formed using the Lowry assay. Equal amounts of pro-
teins (30 pg) were loaded in 4-15% gradient gel
(BioRad; cat#4568086) and run in 1X Tris/Glycine/SDS
buffer (BioRad, Hercules, CA, USA; cat#1610732) at
80 V for 20 min and 120 V for 60 min. Proteins were
transferred to nitrocellulose membranes using the
BioRad Trans-Blot Turbo Transfer System, blocked for
1 h (5% BSA) and incubated overnight with one of the
following primary antibodies: E-Cadherin (1 : 1000,
Cell Signaling Technologies #3195), N-Cadherin
(1 : 500, Cell Signaling Technologies #13116), Snail
(1 : 1000, Cell Signaling Technologies #3879), Slug
(1 : 1000, Cell Signaling Technologies #9585), Vimentin
(1 : 1000, Cell Signaling Technologies #3932), Zeb
(1 : 1000, Cell Signaling Technologies #70512). After
primary antibody incubation, the blots were washed
three times for 10 min each using PBS-Tween and incu-
bated with secondary antibody for 1 h (1 : 10 000 dilu-
tion) in 5% BSA. After secondary incubation, blots
were washed, and bands imaged using chemilumines-
cence on the BioRad ChemidocTM MP Imaging Sys-
tem. For increased consistency between tumor samples,
bands were quantified against total protein per lane
using the BIORAD IMAGE LAB software. Background was
subtracted and adjusted volume, normalization factor,
and normalization volume were generated using the
software. Average normalization volume was calculated
and plotted to show relative protein expression.

2.8. Zymography

KPC cells were seeded in 6 well plates at a density of
1 x 10° cells per well. The following day cells were
placed in low-serum media (i.e., 1% fetal bovine
serum) for 24 h followed by stimulation with
1 UmL™! bovine thrombin (Enzyme Research Lab,
South Bend, IN, USA, cat#BT1002a) for 24 h fol-
lowed by collection of media for analysis. Here, 10 pL
of media was mixed with 20 pL of zymography buffer
(Bio-Rad) and 5 mL of this mixture was resolved on a
SDS/PAGE gel containing 2 mg-mL~' casein and
20 pgmL™" human Glu plasminogen (Innovative
Research, Novi, MI, USA, cat#lHUPLGGLUAPIMG).
As positive controls, 25 ng of purified uPA (Innovative
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Research, Novi, MI, USA, cat#IMSUPAARCHMW
50UG) and tPA (Alteplase, Genentech, San Francisco,
CA, USA, cat#NDC 50242-041-64) were resolved on
the gel. The proteins were renatured through a series
of washes in 2.5% Triton X-100 and enzyme activity
developed in 0.1 m Tris—HCI pH 8.1 at 37 °C. The gel
was then stained with Coomassie Blue (R-250), de-
stained, and photographed. The band intensities for
uPA and tPA were quantified with IMAGEJ.

2.9. Statistics

Data were graphed and analyzed in PRISM GRAPHPAD, Bos-
ToN, MA, USA. Tumor volume changes over time were
analyzed by repeated measures ANOVA test. Tumor
mass, pulmonary foci, RT-PCR, ELISA, plasmin genera-
tion parameters, HALO and EMT marker Western blot
data were analyzed by unpaired Mann—Whitney test or ¢-
test, Welch’s correction was applied when unequal vari-
ances were presented between groups. The statistics for
the metastatic lesions using a blinded hand path scoring
system quantified the metastatic burden into ordinal
levels, therefore we used a one-sided Mann—Whitney test
to compare the tumor burden between pairs of condi-
tions. The P-values were adjusted using fdr.

3. Results

3.1. KPC PDAC tumors drive plasmin activity and
enhance plasmin generation potential

To determine whether PDAC tumor growth was associ-
ated with an induction in plasmin activity, plasma was
harvested from mice bearing orthotopic KPC2 tumors
or age- and sex-matched naive mice. Levels of plasmin-
antiplasmin complexes (PAP), a marker of recent plas-
min activity were determined. KPC2 tumor-bearing
mice displayed significantly elevated plasma PAP levels
compared to nontumor-bearing mice (Fig. 1A). More-
over, the concentration of PAPs in plasma significantly
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and positively correlated with tumor mass (Fig. 1B). In
concert with the increase in PAPs, we observed an
increase in circulating fibrinogen (Fig. 1C). Fibrinogen
is the precursor of fibrin matrix, and fibrin can be a
driver of plasmin generation [29]. These observations
are consistent with the concept that fibrinogen is an
acute phase reactant, and that tumor growth elicits a
systemic inflammatory response in the host that may be
linked to a tumor driven increase in plasmin activity.

The impact of KPC tumor growth on the host to
generate proteolytically active plasmin from plasmino-
gen precursor was also evaluated using a previously
described and validated fluorogenic assay [29]. Plotting
the individual plasmin generation profiles suggested a
slight delay in the initiation of plasmin generation but
an overall increase in plasmin activity for plasma sam-
ples from KPC tumor bearing mice relative to naive
control animals (Fig. 1D). Indeed, quantification of
individual parameters revealed that KPC2 tumor bear-
ing mice had significantly prolonged lag time (Fig. 1E)
and time to peak (Fig. 1F) relative to naive mice.
However, the peak plasmin, velocity index, and endog-
enous plasmin potential (EPP) were each significantly
elevated in plasma from KPC2 tumor bearing mice rel-
ative to naive animals (Fig. 1G-I). KPC2 cells were
found to be a source of both plasminogen activators.
Zymography analysis revealed that KPC2 cells secrete
both uPA and tPA and the release of each activator
was enhanced by thrombin stimulation (Fig. 1J,K).
Collectively, these findings indicate that KPC2 tumors
significantly promote plasmin generation and enhance
plasmin generating potential in tumor bearing mice
possibly through release of tPA and uPA.

3.2. Plasminogen deficiency results in reduced
PDAC KPC tumor growth and metastatic
potential

To determine if plasmin(ogen) contributes to PDAC
primary tumor growth, KPC2 tumor growth studies in

Fig. 1. Plasmin activity and plasmin generation potential are each elevated in mice carrying KPC2 PDAC tumors. Plasma was harvested
from naive (no tumor) mice and mice carrying KPC2 tumors that were grown for 3 weeks. (A) Plasma ELISA of plasmin-antiplasmin com-
plexes (PAPs), n=6 no tumor and n =9 with KPC2 tumor. (B) Correlation analysis of plasma PAP levels versus KPC tumor mass at the
time of harvest. (C) Plasma ELISA for fibrinogen, n =5 for each group. Plasmin generation analysis, n = 6 no tumor and n = 12 with tumor.
(D) Individual curves of plasmin generation documenting the concentration of plasmin generated over time. Quantification of the individual
parameters of plasmin generation, including (E) lag time, (F) time to peak, (G) peak plasmin, (H) velocity index, and (l) endogenous plasmin
potential (EPP). (J) Zymography to analyze urokinase plasminogen activator (UPA) and tissue plasminogen activator (tPA) activity in cell cul-
ture media harvested from KPC cells treated with vehicle or 1 U-mL~" thrombin, n= 3 per group. Purified tPA (1 pg) and uPA (1 pg) were
used a positive controls (K) Quantification of tPA and uPA signals from the zymography gel. Data in bar graphs are expressed as the
mean + standard error of the mean and analyzed by ttest [A, C, E-l, K] or Pearson correlation coefficient analysis [B] for correlation compar-
isons (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Plg" and Plg™ mice were performed using both subcu-
taneous and orthotopic allograft models. KPC2 tumor
cells subcutaneously implanted in Plg" mice produced
tumors of increasing volume over a 4-week observa-
tion period whereas the same tumor cell suspension
injected into Plg™ mice yielded tumors of significantly
reduced volume (Fig. 2A). This difference translated
into a significantly smaller final tumor mass for Plg™

Molecular Oncology 18 (2024) 113-135 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of
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mice relative to Plg" mice (Fig. 2B). A similar finding
was observed when KPC2 cells were orthotopically
injected, with tumors in Plg™ mice having a signifi-
cantly smaller tumor mass compared to orthotopic
tumors from Plg" mice (Fig. 2C). The relative reduc-
tion in tumor growth secondary to plasminogen defi-
ciency was greater in the subcutaneous model than in
the orthotopic model, but the basis of this model-
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Fig. 2. Significantly reduced tumor growth and metastatic potential in plasminogen (Plg)-deficient mice. Tumor volume (A) and day 28
final tumor mass (B) in Plg" (n=8) and Plg~ (n = 6) mice following subcutaneous KPC2 injection. (C) Final tumor mass at 3 weeks fol-
lowing orthotopic KPC2 cell injection in Plg™ (n = 14) and Plg™ (n = 18) mice. Experimental metastasis evaluating the lungs 3 weeks after
tail vein injection of KPC2 PDAC tumor cells into Plg” (n = 9) and Plg™ (n = 7) mice with (D) quantification of lung mass and (E) depiction
of representative images of lungs (left) and number of surface metastatic nodules (right). Scale bar equals 5 mm. Hepatic mRNA level of
Plg mRNA (F) and Fga mRNA (G) as determined by RT-gPCR in KPC2 tumor bearing mice following treatment with control antisense oli-
gonucleotide (ASO) (n=5) or Plg ASO (n = 6). (H) Quantification of the number of surface pulmonary metastatic foci at 3 weeks follow-
ing tail vein injection with KPC2 cells in mice treated with control ASO (n=5) or Plg ASO (n = 6). (I) Representative images (/eft) and
quantification of the number of micrometastatic lesions (right) in the left lung lobe 3 h following tail vein injection of KPC2 cells in Plg*
(n=8) and PIlg™ mice (n=7). Scale bar equals 1 mm. (J) Representative images (left) and quantification of the number of micrometa-
static lesions (right) in the left lung lobe 24 h following tail vein injection of KPC2 cells in Plg” (n=7) and Plg~ (n = 6) mice. Scale bar
equals 1 mm. Data are presented as mean + standard error of the mean and were analyzed by Mann-Whitney U-test with *P < 0.05,

*¥*P < 0.01, ***P < 0.001, ****P < 0.0001.

dependent difference is unknown. A role for plasmino-
gen in KPC2 metastatic potential was next explored
using an experimental metastasis assay. Following tail
vein injection of KPC2 tumor cells, lung weights were
significantly higher for Plg” mice relative to Plg™ mice
(Fig. 2D). Metastatic KPC2 lesions were readily
observed in lung tissue of Plg" mice 21 days after
injection and the number of KPC2 metastases was sig-
nificantly reduced in Plg™ mice (Fig. 2E). To verify
these findings, circulating plasminogen levels were
reduced pharmacologically using an antisense oligonu-
cleotide (ASO) that targets Plg mRNA in liver. We
confirmed a significant reduction in hepatic Plg
mRNA levels by 73% (Fig. 2F). Treatment of mice
with Plg ASO did not significantly alter hepatic Fga
mRNA levels, the gene that encodes for the fibrinogen
Aa chain (Fig. 2G). Consistent with results of genetic
elimination of plasminogen, Plg ASO-treated mice dis-
played a significant reduction in metastatic lung lesions
compared to control ASO-treated mice (Fig. 2H), indi-
cating that KPC2 metastatic potential is sensitive to
both genetic plasminogen deficiency and pharmaco-
logic plasminogen reduction. To determine if the
plasminogen-dependent differences in the number of
metastatic lesions were linked to early events in lung
tissue, KPC2-GFP cells were utilized to evaluate the
formation of early micro-metastatic lesions. At both 3
and 24 h after injection, the number of micro-
pulmonary foci counts were significantly lower in Plg™
mice compared to Plg" mice (Fig. 2LJ).

3.3. Elimination of plasminogen does not change
cell proliferation or EMT but enhances apoptosis
in the KPC2 PDAC TME

To begin to dissect the potential mechanisms by which
plasminogen promotes tumor growth in vivo, histologi-
cal analyses of KPC2 orthotopic tumors from Plg* and
Plg™ mice were performed. Analysis of cell proliferation

by quantifying the number of phospho-H3" or Ki-67"
cells revealed no significant differences between KPC2
tumors harvested from Plg" and Plg™ mice (Fig. 3A,B).
However, analysis of cell apoptosis performed by quan-
tifying the number of cells that were positive for cleaved
caspase-3 indicated that KPC2 tumors from Plg™ mice
compared to Plg” mice had significantly higher percent-
ages of apoptotic cells both within non-necrotic areas
and within areas of central tumor necrosis (Fig. 3C,D).
We next evaluated whether the reduced KPC tumor
mass or reduction of metastatic burden observed in Plg™
mice was linked to a shift in epithelial-to-mesenchymal
transition (EMT). The expression of EMT markers
showed considerable variation among different samples
within the same group. Overall, no significant changes
were observed for the EMT markers, N-Cadherin, Snail,
Slug, Zeb, or Vimentin (Fig. 3E). A trend toward
reduced E-Cadherin in tumors from Plg™ mice was
observed but this did not reach statistical significance.
Collectively, these data suggest that cell apoptosis is a
primary determinant of reduced KPC2 tumor size in
Plg™ mice.

3.4. Elimination of plasminogen reduces the
accumulation of pro-tumor immune cell
populations in the PDAC TME

Plasmin(ogen) is best characterized as being the primary
fibrinolytic protease responsible for clearing fibrin-rich
blood clots. However, studies have shown that
plasmin(ogen) also has roles in mediating leukocyte
migration and recruitment of immune cells to the site of
injury, through fibrin(ogen)-dependent and -independent
mechanisms. In cancer, distinct immune cells have
unique roles in anti- or pro-tumor function. To investi-
gate the impact of plasminogen on immune cell popula-
tions within pancreatic tumors, analyses of immune cell
markers in the KPC2 tumors were performed. Tumor
sections stained by H&E revealed no overt differences in
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Fig. 3. Elimination of plasminogen does not change cell proliferation or epithelial to mesenchymal transition (EMT) but enhances apoptosis
in the KPC2 PDAC TME. (A) Representative images (left) and quantification (right) of phospho-Histone3 (p-H3) cell staining in KPC2 PDAC
tumor tissue harvested 3 weeks following orthotopic injection into Plg* (n=6) and Plg™ (n = 8) mice. Arrows indicate positively stained
cells. (B) Representative images (left) and quantification (right) of Ki-67 cell staining in tumor tissue harvested 3 weeks following orthotopic
injection into Plg" (n =9) and Plg™ (n = 6) mice. (C) Representative images (left) and quantification (right) of cleaved caspase-3 cell staining
in non-necrotic tumor tissue from KPC2 PDAC harvested 3 weeks following orthotopic injection into Plg”™ (n = 6) and Plg™ (n = 8) mice. (D)
Representative images (left) and quantification (right) of cleaved caspase-3 cell staining in necrotic tumor tissue harvested 3 weeks following
orthotopic injection into Plg™ (n = 6) and Plg™ (n = 8) mice. Scale bar = 100 um. (E) Western blot analyses (/eft) and densitometry quantifica-
tion (right) of epithelial to mesenchymal transition (EMT) markers from tumor tissue 3 weeks following orthotopic injection into Plg*™ (n = 6)
and Plg™ (n = b) mice. Each lane represents an individual tumor. Densitometry analysis was conducted using total protein normalization. The
total protein lysates of each tumor were run three times to generate average normalization volume values. The differences in average nor-
malization volume values for individual tumors from each group were analyzed using a ttest assuming unequal distribution. Data are pre-

sented as mean =+ standard error of the mean and analyzed by Mann-Whitney test with **P < 0.01.

tissue organization, morphology, or cellular structure
between Plg" and Plg~ tumors (Fig. 4A). Total T cell
populations as identified by CD3" cells were modestly,
but not significantly reduced in Plg™ mice compared to
Plg" mice (Fig. 4B). More importantly, activated macro-
phages as identified by allograft inhibitory factor-1
(AIF-1) + cells (Fig. 4C) and tumor-associated neutro-
phils or granulocytic myeloid-derived suppressor cells
(G-MDSCs) as identified by Ly6G™ cells (Fig. 4D), were
found to be significantly decreased in KPC2 tumors
from Plg™ mice relative to those harvested from Plg"
mice, suggesting that plasmin(ogen) promotes recruit-
ment of immune cells that support an immunosuppres-
sive tumor microenvironment. One possible explanation
for the observed differences in host cells within the
tumors is a genotype-dependent difference in vascular-
ity. However, no difference in tumor vasculature was
observed based on quantification of CD31" area within
tumors (Fig. 4E), suggesting plasminogen-deficiency did
not alter tumor angiogenesis.

The local production of inflammatory mediators was
also analyzed in KPC2 tumors isolated from Plg" and
Plg™ mice. Here, the mRNA levels of proinflammatory
cytokines Tnfa, 116, Il1b as well as the chemokine Ccl2
(Fig. 4F-J) were significantly higher in Plg~ tumors rela-
tive to Plg" tumors consistent with the smaller tumor size
and increased levels of apoptosis. Intriguingly, local
mRNA levels of the anti-inflammatory cytokine 1710
were also increased in Plg~ compared to Plg" tumors,
although the fold difference appeared to be generally less
than that observed for the proinflammatory markers.

3.5. Fibrin is present in the PDAC TME, but
fibrinogen deficiency does not alter orthotopic
KPC2 PDAC tumor growth

Given that fibrin can serve as a critical co-factor for
plasmin generation and is a primary proteolytic target

of plasmin, we next evaluated whether extravascular
fibrin(ogen) is a stromal component of the PDAC
tumor microenvironment. Previous studies have identi-
fied fibrin deposition in the PDAC TME [32]. Here,
of the 25 PDAC tissues analyzed in a human tumor
microarray (TMA), 24 of the PDAC tissues stained
positively for fibrin (Fig. S1). In separate analyses of
patient biopsies, fibrin was absent from normal pan-
creas but was readily detected in PDAC tissue
(Fig. 5A). Similarly, normal pancreas tissue from WT
mice had no fibrin staining whereas tumor tissue fol-
lowing orthotopic KPC2 tumor cell injection and
growth had robust staining (Fig. 5B). These findings
suggest that local coagulation system activation occurs
in human PDAC and is recapitulated in the orthotopic
KPC mouse model. The relative accumulation of fibrin
in the orthotopic KPC2 microenvironment was directly
quantified from tumors grown in Plg" and Plg™ mice.
Whereas normal pancreas tissue was devoid of fibrin
in mice of each genotype, fibrin was readily detected in
KPC2 tumors with significantly higher levels of fibrin
in Plg” mice compared to Plg" mice (Fig. 5C).

The presence of fibrin in the PDAC TME suggested
the hypothesis that plasmin may be promoting PDAC
tumor growth and metastatic potential by clearing
fibrin matrices. An extension of this hypothesis is that
eliminating fibrin(ogen) itself would enhance PDAC
tumor growth and metastasis. To determine whether
fibrin(ogen) contributes to PDAC tumor growth or
metastatic potential, orthotopic tumor growth allograft
and experimental metastasis assays were performed in
mice carrying mutations in the fibrinogen gene locus.
Here, fibrinogen-deficient mice (Fib~) or Fib" control
mice were implanted with KPC2 cells, but no difference
in primary KPC2 tumor growth was observed in the
orthotopic model (Fig. 5D). A statistically significant
diminution in KPC2 metastatic lung foci was observed
in Fib~ mice compared to Fib" mice (Fig. 5E). This
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Fig. 4. Elimination of plasminogen reduces the accumulation of pro-tumor immune cell populations in the KPC2 PDAC tumor microenviron-
ment. Representative images (/eft) and quantification (as appropriate) of immunohistochemical staining (right) for (A) H&E, (B) CD3, (C) AlF-
1, (D) LyBG, and (E) CD31 in tumor tissue harvested 3 weeks after orthotopic injection into Plg" (n=9) and Plg™ (n = 6) mice. Scale
bar = 100 um. Quantitative RT-PCR analysis of tumor tissue harvested from Plg” (n = 14) and Plg™ (n = 13) mice orthotopically injected with
KPC2 cells for (F) Tnfa, (G) lI6, (H) II1b, () Ccl2, and (J) //70. Data are presented as mean =+ standard error of the mean and were analyzed
by Mann-Whitney test with *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 5. Extravascular fibrin(ogen) deposition is a consistent feature of the PDAC tumor microenvironment, but genetically eliminating
fibrinogen or fibrin polymer formation does not change KPC2 PDAC tumor growth. Immunohistochemical staining for fibrin(ogen) in tissue
sections of (A) human normal human pancreas and PDAC patient biopsies and (B) normal wildtype mouse pancreas and orthotopic KPC2
cell PDAC tumor tissue from a WT mouse. Scale bar = 100 um. (C) Quantification of the fibrin content in normal pancreas (Pan) (n = 3 per
group) or tumor tissue (n = 10 for Pig" and n =8 for Plg™) at 3 weeks following orthotopic injection of KPC2 cells in Plg™ and Plg~ mice.
Data are presented as mean =+ standard error of the mean and analyzed by 1-way ANOVA with Dunn’s multiple comparisons test
(*P < 0.05). (D) Tumor mass 3 weeks after orthotopic injection of KPC2 cells into Fib™ (n = 10) and Fib~ (n = 10) mice. (E) Number of sur-
face pulmonary foci in Fib* (n = 10) and Fib~ (n = 7) mice 3 weeks following tail vein injection of KPC2 cells. (F) Tumor mass 3 weeks after
orthotopic injection of KPC2 cells into Fib™VT (n = 14) and Fib"FX (n = 12) mice. (G) Number of surface pulmonary foci in Fib™VT (n = 5) and
Fib“EX (n = 7) mice 3 weeks following tail vein injection of KPC2 cells. Data are presented as mean =+ standard error of the mean and were
analyzed by Mann-\Whitney test with **P < 0.01.
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finding is consistent with previous studies documenting
a role for fibrin(ogen) in experimental metastasis assays
for other C57BIl/6-derived tumor cell types (e.g., Lewis
lung carcinoma and B16 melanoma) [33,34]. We next
evaluated whether tumor growth and metastasis were
affected in Fib*F¥ mice expressing normal levels of
fibrinogen that is unable to be converted to fibrin
matrix. Both KPC2 primary tumor growth and experi-
mental metastasis were equally robust in control Fib™ "
and Fib*F* mice with no statistically significant differ-
ences in tumor mass nor in the number of lung meta-
static lesions (Fig. SF,G). These data suggest that the
conversion of fibrinogen to fibrin matrix is not required
to promote KPC2 metastatic potential.

3.6. Reduction of plasminogen receptor-KT or
the plasminogen receptor S100A10 from KPC2
tumor cells reduces primary tumor growth but
differentially impact metastatic potential

We next evaluated whether tumor growth and metas-
tasis were linked to the expression of plasminogen
receptors by KPC2 cells. Here, we analyzed both plas-
minogen receptor-KT (Plg-RKT) and S100A10. Plg-
RKT plays a critical role in binding and activation of
plasminogen via its C-terminus lysine residues on cell
surfaces [35] whereas S100A10 is a component of the
S100A10/Annexin A2 plasminogen receptor complex
[36]. KPC2 pools were generated in which Plg-RKT or
S100A10 were knocked down using shRNA. Two dis-
tinct pools of cells for each target were identified.
Quantitative RT-PCR analysis confirmed that Plgrkt
mRNA was significantly reduced by ~80% and 95%,
respectively (Fig. 6A), and S100410 mRNA was
reduced by 92% and 94%, respectively (Fig. 6B).
Notably, shRNA-mediated reduction of one receptor
did not alter mRNA levels of the other (Fig. 6A,B).
When PIg-RKT expression was decreased by 80% in
the tumor cells (KPC2-shPlgrt#1), there was a trend
toward smaller KPC2 orthotopic tumors but with
95% reduction (KPC2-shPlgrkt#2) significantly smaller
tumors were observed (Fig. 6C). Similarly, significantly
smaller tumors were observed with reduction of
S100al0 in both pools generated (Fig. 6D). KPC2
metastatic potential was particularly sensitive to loss
of Plgrkt as both pools showed a striking and signifi-
cant diminution in the number of lung metastatic
tumor nodules (Fig. 6E). In contrast, reduction of
S100A10 in KPC2 cells had no impact on their meta-
static potential to the lungs (Fig. 6F). No change in
the in vitro doubling time (Fig. 6G,H) was observed
with reduction of Plgrkt or S100al0. A modest reduc-
tion in soft agar colony formation was observed for
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one of the pools in which Plgrt was reduced but not
for either of the S700al0 pools (Fig. 61,J). Given the
trend in reduction E-cadherin expression in KPC2
tumors grown in Plg™ mice (Fig. 3E), we analyzed
expression of the gene for E-cadherin (Cdhl) in KPC2
cells grown in vitro and found that sufficient reduction
of either receptor resulted in a modest but statistically
significant reduction in Cdhl mRNA (Fig. S2C,D).
Finally, we also examined the potential contribution of
host-derived Plg-Rgt. Orthotopic tumor growth
of KPC2 and metastatic potential were not different in
either control (Plg-RKT"") or Plg-RK T-deficient (Plg-
RKT /) mice (Fig. S3A,B, respectively).

3.7. Plasminogen reduction significantly reduces
tumor mass of human low-passage PDAC tumor
cell lines

To determine whether the growth and metastasis of
patient-derived PDAC tumor cells was sensitive to
plasminogen reduction, we performed xenograft stud-
ies using previously described low-passage patient-
derived human PDAC cell lines [37,38]. Reduction of
circulating plasminogen using a specific Plg ASO sig-
nificantly reduced subcutaneous tumor volume over
time (Fig. 7A) and the final tumor mass (Fig. 7A) of
human Pa02C tumors relative to control ASO treated
mice. Using an additional low-passage patient-derived
PDAC cell line Pa03C, significantly reduced tumor
volume was observed on treatment with Plg-ASO
(Fig. 7B). Although reduction in tumor mass did not
reach statistical significance in this model, there was a
trend toward reduction (Fig. 7D, P = 0.081).

Studies were extended to evaluate orthotopic Pa03C
tumor growth. Here, the tumor mass at the time of
harvest was significantly less in Plg ASO treated mice
compared to control ASO-treated animals (Fig. 7C).
Analyses of liver tissue at the time of tumor harvest
indicated that Plg mRNA levels in Plg ASO treated
mice were reduced by 67% relative to Control ASO
treated animals (Fig. 7D). Plasma isolated from mice
at the time of tumor harvest had similar levels of
PAPs across all tumor-bearing groups and these levels
were significantly elevated relative to plasma from
mice without tumors (Fig. S4A). However, both naive
and tumor-bearing mice had similar circulating fibrino-
gen levels (Fig. S4B). Plasmin generation analysis
revealed that plasma from Plg ASO treated animals
was devoid of plasmin-generating potential (Fig. S4C).
Plasma from mice receiving no ASO or Control ASO
displayed plasmin generation profiles similar to ani-
mals without tumors (Fig. S4C). Spontaneous metasta-
sis was also observed in mice with orthotopic Pa03C
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Fig. 6. Reduction of the plasminogen receptors Plg-RKT or ST00A10 in KPC2 tumor cells differentially impacts tumor growth and metastatic
potential. RT-gPCR analysis of (A) Plgrkt or (B) S700a70 of mRNA harvested from KPC2 cells transduced with a control lentivirus (KPC2-
shCont), lentivirus expressing a shRNAs targeting Plgrkt, or lentivirus expressing a shRNAs targeting S700a70 (n = 3 replicates for each
group). (C) Tumor mass after orthotopic injection into WT mice with KPC2-shControl (n = 8) cells or KPC2-shPIgrkt (n =8 and 7, respec-
tively) pools. (D) Tumor mass after orthotopic injection into WT mice with KPC2-shControl (n = 7) cells or KPC2-shS100A10 (n =6 and 9,
respectively) pools. (E) Number of surface pulmonary foci in WT mice following injection with KPC2-shControl (n = 8) cells or KPC2-shPIgrkt
(n =8 and 8, respectively) pools following tail vein injection of KPC2 cells. (F) Number of surface pulmonary foci in WT mice following injec-
tion with KPC2-shControl (n = 6) cells or KPC2-shS100A10 (n = 7 and 7, respectively) clones following tail vein injection of KPC2 cells. (G) /In
vitro cell doubling time analysis of KPC2-shControl cells and KPC2-shPIgrkt pools (n = 3 replicates per group). (H) /n vitro cell doubling time
analysis of KPC2-shControl cells and KPC2-shS100A10 pools (n = 3 replicates per group). (I) Soft agar colony formation of KPC2-shControl
and KPC2-shPIgrkt pools (n = 3 replicates per group). (J) Soft agar colony formation of KPC2-shControl and KPC2-shS100A10 pools (n =3
replicates per group). Data are presented as mean + standard error of the mean and were analyzed by one-way ANOVA with a Tukey's
Multiple Comparison Test with *P < 0.05, **P < 0.01, ****P < 0.0001.

Molecular Oncology 18 (2024) 113-135 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 127
Federation of European Biochemical Societies.



Plasminogen deficiency reduces PDAC disease N. N. Chowdhury et al.

(A) Subcutaneous model- Pa02C (B) Subcutaneous model- Pa03C
1500 1500~ 47
g *® Control ASO S s © - Control ASO ** ) H
E 1250 o Pigaso > ** £ 12501 o PIgASO w3 2
© 1000 » 0%, o = ~ 1000- @ %
S E T 2 5.-;‘ o oo * £ °°
L £ 750 £ s 9 > E 750 2
2 = 500 5 ¢ ¥ 5 E ] ok
£ o 4 0,0 g = 507 g &
3 250 E ° S 250 5" s
= - e - (=
: 2l0 3I0 4I0 5I0 ng(cr)OI :égo v10 115 ZIO 2l5 3I0 : Cor:trol Pig
Day Day ASO ASO
Orthotopic model- Pa03c
©) (D) ok
6 * 3 57 I ns ok
—_ >
o 54 oo 2
~ <
9 4 o0 ) Z 10
© 0 o £
o 2 6 g
K
©
P 1 ®
0 . I 0.0-
Control Plg & ot x
(<
ASO  ASO & P P
& VY P
® <
(E) @ 50- (F) *
= *
[/} e °
g 40 ° °
. ° °® :
- Q 30 o ®
s SR
= - Q
(1] -
3 gof o & 3 I &
= [ ] [ ]
i ° &
%5 10 88 00 oo z
2 . [ ) 022
Pig ASO - Plg A!
g Control Plg g ASO Control Plg
ASO ASO ASO ASO

Fig. 7. Partial depletion of circulating plasminogen reduces primary tumor growth and impedes metastasis in human PDAC xenograft
models. (A) Tumor volume (left) and mass (right) of human Pa02C subcutaneous tumors in immunodeficient NSG mice treated with Control
(n=12) or Plg (n = 11) antisense oligonucleotide (ASO). (B) Tumor volume (left) and mass (right) of human Pa03C subcutaneous tumors in
NSG mice treated with Control (n=9) or Plg (n=10) ASO. (C) Tumor mass 5 weeks after orthotopic injection of PaO3C cells into mice
treated with Control ASO (n = 20) or Plg (n=21) ASO. (D) Quantitative RT-PCR analysis for Plg expression in liver harvested from naive
NSG mice (n = 3) or NSG mice orthotopically injected with Pa03C cells and treated with control ASO (n = 11) or PIg-ASO (n = 9). (E) Repre-
sentative H&E-stained histological sections (/eft) and histology quantitation (right) of PaO3C metastases within liver tissue from the same
mice analyzed in (C). (F) Representative H&E-stained histological sections (/eft) and histology quantitation (right) of PaO3C metastases within
lung tissue from the same mice analyzed in (C). Arrows indicate metastatic lesions. Scale bar = 2 mm. Histological analyses of metastatic
lesions are represented as the percent of total tissue sectioned. Data are presented as mean =+ standard error of the mean and analyzed
using ttest assuming unequal distribution [B, C, E, F] or by one-way ANOVA with a Tukey's Multiple Comparison Test [A, D] with
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

tumor growth. Histological assessment indicated that pathology scoring of individual liver tissues

liver metastatic lesions were higher on Plg ASO treat-
ment, which was analyzed using quantitative image
analysis by HALO (Fig. 7E) and semiquantitative

(Fig. S5A). However, the metastatic lesions to the
lungs were significantly lower on treatment with Plg-
ASO (Fig. 7F, Fig. S5B).
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Quantitative histological analyses of the tumor tis-
sues were also performed. No differences in cell prolif-
eration in tumor tissue were observed based on
phospho-H3 (Fig. 8A) and Ki67 staining (Fig. 8B).
Cleaved caspase-3 analysis of non-necrotic (Fig. 8C)
and necrotic (Fig. 8D) tumor revealed no differences
suggesting that reduced tumor growth in Plg ASO
treated mice was not due to increased apoptosis by
caspase-3 cleavage. Finally, analysis of EMT markers
revealed that EMT marker E-cadherin was signifi-
cantly reduced by 2.6-fold in tumors from mice treated
with Plg ASO relative to control ASO treated mice
(Fig. 8E). Although the reduction in E-cadherin
expression is statistically significant, a corresponding
increase in N-cadherin was not observed suggesting
that EMT is not driving the tumor phenotype in either
group at the time of sacrifice. No differences in Snail,
Slug, Zeb, or Vimentin were observed (Fig. S8E). Col-
lectively, these findings are similar to those observed
in the KPC tumor model and suggest that plasmino-
gen activation in the TME enhances both tumor
growth and metastasis, especially metastatic burden in
the lung.

4. Discussion

Biomarkers of plasmin-mediated proteolysis suggest
plasmin is active in patients with PDAC. Specifically,
patient studies focusing on the plasmin-generated
fibrin degradation product D-dimer have indicated
that elevated D-dimer levels are associated with a
worse overall survival for several solid tumor malig-
nancies, including PDAC [39,40]. In one recent study
of 1351 patients undergoing radical surgical resection
of PDAC, high preoperative D-dimer levels were
strongly associated with a 6.3-month reduction in
overall survival (i.e., 15.0 vs 21.3 months) [41]. Intrigu-
ingly the relationship between PDAC disease severity
and D-dimer is not totally clear cut. In a second study,
it was found that for 62 patients undergoing surgery
for confirmed PDAC without detectable venous
thrombosis, high levels of D-dimer in the portal vein
were associated with significantly longer overall sur-
vival [42]. Our studies revealed robust plasmin genera-
tion in mice with either syngeneic KPC tumors or
patient-derived xenograft tumors as evidenced by high
levels of PAPs. Plasma PAP levels were positively cor-
related with KPC tumor size, supporting the concept
that plasmin promotes tumor growth. Moreover, plas-
min generation potential was significantly elevated in
mice bearing KPC tumors suggesting these PDAC
tumors established a very potent plasminogen activa-
tion state. In preliminary analyses, we did not observe

Plasminogen deficiency reduces PDAC disease

increased fibrin degradation products (FDPs) or a cor-
relation between FDPs and tumor mass (data not
shown), collectively suggesting that although PDAC
drives plasmin generation, fibrinolysis may not be the
mechanism.

Several studies suggest that the plasminogen activa-
tors uPA [21,43] and tPA [20,44,45] are linked to
PDAC pathogenesis. Consistent with these reports, we
show that KPC PDAC tumor cell secrete both uPA
and tPA. However, no studies have directly evaluated
the contribution of plasminogen itself to PDAC and
analyses of the potential contribution of plasmin(ogen)
to tumor growth of other cancer types is limited. Cur-
rent reports have generally shown that primary tumor
growth is independent of plasminogen. For example,
the growth of spontaneous breast tumors in polyoma
virus middle T antigen (PyMT)-expressing mice was
unaffected by plasminogen deficiency [23]. In addition,
a study examining the direct injection of BI6F10 mela-
noma cells into the brain striatum revealed identical
tumor growth between Plg" and Plg™ mice [46]. Tumor
growth of both Lewis lung carcinoma (LLC) and T241
fibrosarcoma cells was unaffected by plasminogen defi-
ciency following injection into the dorsal skin of mice
but was significantly reduced in plasminogen-deficient
mice if tumor cells were injected into the footpad [47].
These data suggest anatomical location played a role
in the plasminogen-dependent tumor growth. In addi-
tion, the growth of chemically induced skin tumors
was reduced in Plg™ mice [48]. In these later two sce-
narios, growth reduction was linked to exuberant peri-
tumoral fibrin formation restricting growth [23,42].
Thus, a significant finding from these studies is that
plasminogen deficiency or reduction significantly
diminished KPC PDAC tumor growth but fibrinogen
deficiency did not.

The reduction in KPC PDAC primary tumor
growth in Plg™ mice was linked to increased apoptosis
(i.e., cleaved caspase-3" cells) throughout the tumor.
Reduced tumor size was also associated with elevated
expression of proinflammatory cytokines and reduced
infiltration of tumor-supporting immune cells, includ-
ing macrophages and G-MDSCs in Plg™ tumors. In
contrast, local markers of EMT were not changed on
plasminogen depletion. Previous in vitro and in vivo
studies have shown that plasmin(ogen) supports mac-
rophage migration in several contexts [49]. Moreover,
the ability of plasmin(ogen) to support macrophage
migration, including tumor-supporting macrophages,
has been linked to the expression of plasminogen
receptors. For example, mice deficient in the plasmino-
gen receptor S1I00A10 did not support tumor growth
of subcutaneously injected LLC and fibrosarcomas
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Fig. 8. Partial depletion of plasminogen did not impact proliferation or apoptosis markers, but reduced epithelial to mesenchymal (EMT)
marker, E-cadherin in orthotopic human PDAC tumors. Representative images (left) and quantification (right) of PaO3C orthotopic tumor tis-
sue harvested from control (n = 9) and Plg (n = 12) antisense oligonucleotide (ASO) treated mice for proliferation markers (A) phospho-H3
and (B) Ki67 as well as the apoptosis marker cleaved caspase-3 in (C) non-necrotic tumor and (D) necrotic regions. Scale Bar = 300 um. (E)
Western blot analyses (left) and densitometry quantification (right) of EMT markers from Pa03C tumor tissue 5 weeks following orthotopic
injection into NSG mice treated with control (n = 7) or Plg (n = 7) ASO (*P < 0.05). Each lane represents an individual tumor. Densitometry
analysis was conducted using total protein normalization. The total protein lysates of each tumor were run three times to generate average
normalization volume values. Data are presented as mean =+ standard error of the mean and analyzed using t-test assuming unequal distri-

bution with *P < 0.05.

[50]. Reduced tumor growth was linked to reduced
macrophage infiltration to the tumors secondary to
loss of SIO0A10 expression by the macrophages [50].
Plg-RKT has been shown to support macrophage
migration [24,51]. However, our studies showed that
PDAC tumor growth was unaffected by Plg-RKT defi-
ciency in the host. This may be due to PIg-RKT being
expressed only on a subset of macrophages, namely
proinflammatory macrophages [51]. Thus, in the con-
text of PDAC, Plg-RKT may not be expressed by or
contribute to the accumulation of tumor-supporting
macrophages within PDAC tumors.

A significant reduction in KPC primary tumor
growth and metastatic potential following reduction of
Plgrkt expression and S700al0 in KPC tumor cells
using shRNA was observed. The relative reduction in
both primary growth and metastasis with Plgrkt reduc-
tion was roughly equivalent to that observed with host
plasminogen deficiency. The reduction in KPC tumor
growth with suppression of Plgrkt or S100al(0 expres-
sion in the tumor cell is consistent with low tumor
expression of these genes in human PDAC being asso-
ciated with prolonged patient survival (see Fig. S2A,
B). Others have reported that high expression of the
plasminogen receptors S100A10 or o-enolase-1 in
PDAC are associated with poor prognosis [52,53].
Pharmacological inhibition of a-enolase-1 using an
inhibitory antibody suppressed plasminogen-dependent
invasion of human PDAC cells, and their metastatic
spreading in mice [52]. Moreover reduction of
S100A10 in PANC-1 reduced orthotopic tumor growth
in mice [54]. Collectively, these findings indicate that
linking plasmin(ogen) to the tumor cell surface
through multiple receptors can promote PDAC tumor
growth.

Elimination of plasminogen significantly reduced the
metastatic potential of KPC PDAC tumor cells and
reduced metastasis of orthotopic Pa03C tumors.
Indeed, a reduced number of KPC metastatic lesions
in lung tissue was observed in Plg™ mice relative to
Plg" mice following tail vein injection. The reduction
in the number of micro-metastatic lesions in as short

as 3 h after injection in Plg™ mice suggested that the
loss of plasminogen conferred a reduction in
the initial adhesion and/or survival of KPC tumor cells
within the lung. These findings are consistent with
the reduction of breast cancer metastasis in Plg™ mice
using the PyMT mammary cancer [23]. Moreover,
reduced metastatic potential was observed in a
model of BI6F10 melanoma cells to the brain follow-
ing injection into the vasculature on Plg~ mice or
mice treated with the plasminogen activation inhibitor
g-aminocaproic acid [46]. We showed that reduction of
Plgrkt, but not S100al0, in PDAC tumor cells signifi-
cantly reduced metastatic potential. Collectively, these
findings suggest that linking plasminogen to the tumor
cell surface through multiple means can promote pri-
mary growth but that specific tumor cell receptor—plas-
min(ogen) interactions are required to promote
metastasis.

An important translational element presented here is
that pharmacological reduction of plasminogen using
ASOs resulted in reduction in the growth and lung
metastasis of low-passage patient-derived PDAC
tumor cell lines in immune-deficient mice. Plasminogen
reduction resulted in significantly reduced primary
tumor growth for multiple lines in both subcutaneous
and orthotopic models. Unlike the KPC model, this
effect was not linked to an increase in apoptosis in the
orthotopic Pa03C tumors at time of sacrifice. The dif-
ferences in apoptosis as measured by cleaved caspase 3
between the KPC and Pa03C models can be attributed
to several factors. A potential reason for this discrep-
ancy is the difference in the tumor microenvironment
within the KPC and Pa03C model which can drive
variations in the timing of the apoptotic response of
tumor cells. In addition, spontaneous metastasis in the
Pa03C orthotopic model was significantly reduced to
the lung, but significantly increased in the liver follow-
ing Plg depletion. The human cell line studies relied on
pharmacological reduction of plasminogen, which was
not a complete deficiency as was the case in the KPC
studies. The residual plasmin activity could confer sig-
nificant disease-promoting activity. In addition, the
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patient-derived tumor studies had to be conducted in
immune-deficient NSG mice that have no NK cells
and compromised macrophage functions [55,56]. NK
cells are known to play a major role in suppressing
metastasis, and macrophages can support PDAC
tumor growth. Given that our data suggest that plas-
minogen supports PDAC disease progression through
modifying immune cell activities, it is possible that the
contribution of plasminogen to tumor progression in
NSG mice could be mitigated.

5. Conclusions

Genetic or pharmacological depletion of plasminogen
was found to suppress primary PDAC tumor growth and
metastatic potential. Reduced PDAC disease was associ-
ated with increased tumor cell death, reduced infiltration
of tumor-supporting immune cells. Whereas the absence
of fibrin(ogen) did not significantly influence tumor
growth and had only a modest impact on metastasis,
expression of Plgrkt or S100al0 by the tumor cells signifi-
cantly enhanced both primary tumor growth metastatic
potential. Future studies will be directed toward analyses
of plasmin(ogen)-mediated modulation of immune cell
function in PDAC and the single and combined contribu-
tion of plasminogen activator expression by both tumor
and stromal cells to PDAC pathogenesis. Collectively,
the findings presented here support the concept that
tumor cell surface plasmin(ogen) activity is a significant
driver of PDAC disease progression.
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Fig. S1. Fibrin deposition is a common feature of the
PDAC tumor microenvironment.
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Fig. S2. High expression of the plasminogen receptors
PLGRKT or S100A10 correlates with poor patient
prognosis and reduction of Plgrkt or SI100410 in
KPC2 cells results in a modest but statistically signifi-
cant reduction in the expression of Cdhl.

Fig. S3. Elimination of Plgrkt from the host does not
alter KPC2 tumor growth in mice following orthotopic
injection.

Fig. S4. Analysis of plasma plasmin activity, fibrino-
gen, and plasmin generation in mice with orthotopic
Pa03C tumors.

Fig. S5. Pathology scoring of metastatic lesions to liver
and lung harvested from Control-ASO or Plg-ASO
treated mice with orthotopic Pa03C tumors.
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