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Abstract: Pancreatic ductal adenocarcinoma (PDA) is an aggressive metastatic cancer with a very low survival rate.
This tumor is hypovascularized and characterized by severe hypoxic regions, yet these regions are not impeded by
the oxidative stress in their microenvironment. PDA’s high resilience raises the need to find new effective therapeu-
tic targets. This study investigated the suitability of methionine aminopeptidase 2 (MetAp2), a metallopeptidase
known to play an important role in tumor progression, as a new target for treating PDA. In our examination of patient-
derived PDA tissues, we found that MetAp2 is highly expressed in metastatic regions compared with primary sites.
At the cellular level, we found that the basal expression levels of MetAp2 in pancreatic cancer cells were higher than
its levels in endothelial cells. Pancreatic cancer cells showed a significant suppression of proliferation in a dose-
dependent manner upon exposure to TNP-470, a selective MetAp2 inhibitor. In addition, a significant reduction in
glutathione (GSH) levels - known for its importance in alleviating oxidative stress - was detected in all treated cells,
suggesting a possible anti-cancer activity mechanism that would be feasible for treating highly hypoxic PDA tumors.
Furthermore, in an orthotopic pancreatic cancer murine model, systemic oral treatment with a MetAp2 inhibitor
significantly reduced tumors’ growth. Taken together, our findings indicate that MetAp2 enhances tumor sensitivity
to hypoxia and may provide an effective target for treating hypoxic tumors with high expression levels of MetAp2.
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Introduction

Pancreatic ductal adenocarcinoma (PDA) is an
aggressive malignant cancer with an overall
median survival rate of less than one year after
diagnosis [1]. Most patients are in an advanced
and metastatic stage by the time of diagnosis,
mainly due to the late initiation of clinical symp-
toms. Among diagnosed patients, only 10-15%
are eligible for surgical resection. Still, most
patients relapse in spite of adjuvant systemic
therapies that, up to date, mainly target prima-
ry sites [2]. Despite the massive amount of
research, there has been very modest progress
in the therapeutic options available for meta-
static disease [3].

In addition to the inherent resistance of pancre-
atic cancer cells, the specific tumor microenvi-
ronment (TME) in PDA has a central role in limit-
ing the effect of treatments in pancreatic can-
cer and in promotes tumor progression to
become metastatic [4]. PDA is characterized by
an abundant extracellular matrix (ECM) and
desmoplastic fibrotic stroma. The ECM’s com-
ponent accumulation - specifically collagen, hy-
aluronic acid, etc. [5] - and the rapid prolifera-
tion of cancer cells results in a deformed pan-
creas architecture, giving rise to abnormal
blood and lymphatic vessel structures [6, 7].
Due to this, PDA is hypovascularized and char-
acterized by severe hypoxic regions [8] which
are closely correlated with tumor aggressive-
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ness, progression and poor prognosis [9]. The
hypoxic microenvironment and the high adjust-
ability of the tumor cells to these harsh condi-
tions raise the need to identify effective thera-
peutic targets for such conditions.

One might be methionine aminopeptidases
(MetAp). These are metallopeptidases that
selectively catalyze the removal of the N-
terminal methionine from newly synthesized
proteins, constituting an important step in pro-
tein maturation and proper function [10]. There
are two main MetAp isoforms in eukaryotes,
MetApl and MetAp2 [11], that are essential
for cellular growth and viability [12]. The exact
differential physiological roles are still not
completely understood [13]. However, the sig-
nificant growth inhibition observed in cells sen-
sitive to MetAp2 inhibition and the identifica-
tion of MetAp2 as a specific target of antian-
giogenic drugs, such as fumagillin and its ana-
logues, has attracted more attention to Met-
Ap2 than to MetAp1 [14, 15]. MetAp2 is overex-
pressed in many forms of cancer. Several
reports indicate that MetAp2 plays an impor-
tant role in different tumors’ growth. Fumagillin
and its derivatives inhibit the proliferation, not
only of endothelial cell lines, but also of a sub-
set of cancer cell lines [16]. The higher concen-
tration of this enzyme in tumor cells suggests
they have a considerable dependence on it for
their functioning and proliferation. Accordingly,
targeting this enzyme to inhibit tumor cell
growth might be an effective approach to treat
cancer [17].

It is well known that the high metabolic
demands of tumors are due to their rapid
growth. Another possible therapeutic target
might be glutathione (GSH), also known as L-y-
glutamyl-L-cysteinylglycine, a common tripep-
tide that functions as an important intracellular
radical scavenger. It protects cells against reac-
tive oxygen species (ROS), as well as against
many toxins and drugs [18, 19]. GSH is one of
the major regulators of cancer progression and
its response to therapy [20]. Shifts in GSH
metabolism often accompany tumor develop-
ment, allowing it to alleviate the increased oxi-
dative stress [21]. Since it was found that gluta-
thione redox homeostasis is altered by MetAp2
inhibition [22] together with the findings of
enhanced GSH levels in pancreatic carcinoma
and its essential role in cell proliferation and
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resistance [23], we aimed in this work to study
the effect of MetAp2 inhibition in PDA, a highly
hypoxic tumor. In light of MetAp2’'s important
role in cancer progression, we hypothesize that
MetAp2 is highly expressed in metastatic
tumors relative to primary regions.

Collectively, our data suggest that MetAp2
enhances tumor sensitivity to hypoxia and
therefore may be a valid therapeutic target for
metastatic tumors, thereby fulfilling the unmet
clinical need of PDA treatment at late stages of
the disease, when it is commonly diagnosed.

Materials and methods
Compliance with ethical standards

The study complies with the Declaration of
Helsinki. The study protocol was approved by
the Institutional Ethics Committee (0346-12,
04-02-2013). All experiments described in this
paper were performed according to the guide-
lines and regulations of the approved IRB proto-
cols. Human patient-derived pancreatic cancer
cells were obtained from pancreatic adenocar-
cinoma tumor biopsies approved by the In-
stitutional Review Board (IRB)/Ethics (Helsinki)
committee of the Hadassah Medical Center
(#920051034, and 0628-14-HMO). All sub-
jects gave their informed consent.

Six-week-old Foxnl nu male mice were pur-
chased from Jackson Laboratory (Bar Harbor,
ME, USA). Animal studies were reviewed and
approved by the Animal Care and Use
Committee of Beth Israel Deaconess Medical
Center, Boston, MA (protocol number 070-
2016). Mice were housed at a maximum of 5
mice per cage in a pathogen-free facility with
unlimited access to sterile water and chow.
Daily welfare evaluations and animal sacrifices
were carried out according to the Committee
guidelines.

Human pancreatic adenocarcinoma immuno-
fluorescence staining

Paraffinized patient-derived tissue sections
containing microarrays were purchased from
BioConsult LTD. First, the microarrays were
deparaffinized by a multi-step method. The tis-
sue-containing slides were baked in a dry 60°C
oven for 30 min. A series of 3 xylene incuba-
tions (5 min each), followed by two 100% etha-
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nol (10 min), one 96% ethanol (10 min), and
70% ethanol (5 min) incubations were per-
formed. Slides were washed while shaking for
10 min with DDW and for another 10 min with
0.1% tween 20 (diluted in PBS). Heat-induced
epitope retrieval (HIER) was performed by heat-
ing 20 min in a TRIS/EDTA buffer solution (1.21
g Tris base, 0.37 g EDTA, 0.5 ml tween 20 in
100 ml DDW, diluted 1:10 with DDW before
use). Tissue section blocking was performed by
incubation for 30 minutes in 3% normal goat
serum (VE-S-1000, Vector Labs) and 3% nor-
mal rabbit serum (VE-S-5000, Vector Labs).
Blocking solution was removed and first
Antibody diluted in 3% normal goat or rabbit
serum was placed on the slides for overnight
incubation in 4°C. The Antibodies were diluted
as follows: anti-fibroblasts (BCL271, Merck)
-1:25, anti-CD31 (ab28364, Abcam) -1:50,
anti-collagen-IV (@b6586, Abcam) -1:500, anti-
hyaluronic acid (ab53842, Abcam) -1:250 and
anti-MetAp2 (Ab134124, Abcam, Cambridge,
UK) -1:50. After incubation, the slides were
washed three times with tween diluted in PBS
and incubated for 2 h with a secondary
Antibodies diluted in 3% goat serum or in rab-
bit serum. All secondary Antibodies were dilut-
ed in a ratio of 1:200. The slides were washed
three times with tween diluted in PBS and then
incubated with DAPI (1:1,000) for nuclei stain-
ing. After three washes with PBS, the mounting
media was applied on the slides and samples
were visualized using a fluorescent microscope
(Olympus IX-73). Tissue staining analysis was
performed using ImageJ analysis software. The
fluorescently dyed tissue intensities were eval-
uated for the different markers by measuring
the pixels stained per area, followed by normal-
izing the number of cells represented by blue
DAPI nuclei staining. The markers included:
fibroblasts, CD31, collagen IV and hyaluronic
acid. The data was divided into 4 main groups:
normal tissue, normal tissue adjacent to the
tumor (NAT), primary tissue (stages I-IV) and
metastatic tissues. n=7-50.

Cell culture

Human pancreatic cancer cell lines BxPC-3,
PANC-1 and AsPC-1 (ATCC, Manassas, Virginia,
USA), HUVECs (Lonza, Walkersville, MD, USA)
and PancOH7 (obtained from Dr. Dipak Pani-
grahy’s lab [24]) were characterized and myco-
plasma free (EZ-PCR mycoplasma test kit
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[Biological Industries, Beit HaEmek, Israel])
before use. All cells were kept in a humidified
incubator at 37°C with 5% CO,. PANC-1 and
PancOH7 were maintained in DMEM (Life
Technologies, Carlsbad, California, USA) and
supplemented with 10% FCS and penicillin/
streptomycin (P/S). BxPC-3 and AsPC-1 cells
were maintained in RPMI-1640 (Life Techno-
logies) and supplemented with 10% FCS and
P/S. HUVECs were cultured in a medium sup-
plemented with the PeproGrow-MacroV kit
(ENDO-BM & GS-MacroV, PeproTech) and P/S.
PC cells (patient-derived pancreatic cancer
cells) were isolated from pancreatic cancer
tissue by digesting the tissue for 30 min at
37°C with 5% CO, in DMEM/F12 medium (Life
Technologies) and supplemented with P/S and
0.14 Wunsch units/mL of Liberase™ Research
Grade (Roche Diagnostics, Basel, Switzerland).
A stop reaction medium (DMEM/F12 supple-
mented with 15% FCS and P/S) was used to
stop the digestion, after which the digested tis-
sue wasfiltered through a cell strainer. Epithelial
cells were isolated using the sedimentation
technique (as previously described [25]) and
maintained in DMEM/F12 medium supple-
mented with 10% FCS, 1% Glutamine, EGF,
Insulin, HEPES and P/S.

Western blot

A RIPA buffer in a protease inhibitor cocktail
(Sigma Aldrich, St. Louis City, Missouri, USA,
S8820) was used for 30 min on ice in order to
cause cell lysis. Cell lysates were then centri-
fuged, and the supernatant was collected. BCA
Protein Assay kit (Pierce™, Thermo Fisher
Scientific, Cambridge, Massachusetts, USA)
was used to determine the protein content. A
12.5% Tris-glycine SDS-PAGE was used to sep-
arate the proteins (15 pg protein) that were
next transferred onto a polyvinylidene difluo-
ride membrane (Millipore Corporation, Billerica,
MA, USA). Membranes were blocked for 2 h
and then incubated with anti-MetAp2 antibod-
ies or anti-MetApl antibodies, Ab134124 or
Ab185540 (Abcam, Cambridge, UK), respec-
tively, overnight at 4°C in TBST containing 5%
BSA. Next, the membranes were washed three
times in TBST and incubated with a 1:5,000
dilution of goat anti-rabbit secondary antibody
conjugated to horseradish peroxidase for 1 h
(Ab97080, Abcam). B-actin or cofilin, Ab49900
or Ab124979 (Abcam), respectively, were used
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as the loading control. Original Western Blot
images are shown in Figure S3.

Activity assay

BxPC-3, PANC-1, AsPC-1, PancOH7 and PC cells
were counted and then centrifuged and resus-
pended in an appropriate volume of cold RIPA
buffer containing a protease inhibitor cocktail
to obtain an equivalent cell number in the cell
homogenates. The Eppendorf containing the
cells was placed in ice and a probe sonicator
(Sonic Ruptor 400, OMNI International) was
used to disrupt them. Centrifugation at 15,000
RPM for 10 min at 4°C was used to remove
insoluble cellular components. Next, the Brad-
ford protein assay was conducted (using BSA
as the standard) [26] in order to determine the
protein content of the supernatant. 5 pg of
protein and the substrate L-Met-AMC (Sancta
Cruz Biotechnology) in an assay buffer (contain-
ing 50 mM HEPES, 0.1 mM CoCI2, 100 mM
NaCland 1 mg/mL PEG 6,000, in a final volume
of 100 pL) were used to test the enzymatic
activity of MetAp. Fluorescence was measured
every minute and 30 sec or every minute and
45 sec for MetApl or MetAp2, respectively, for
~40 min at 25°C, using a plate reader (Synergy
HT Multi-Mode Microplate Reader, BioTek).
n=3.

Activity assay following MetAp2 inhibition

BxPC-3, PancOH7, AsPC-1 and PANC-1 cells
were cultured in 10x10 cm petri dishes, left to
grow to 80-90% confluency, washed with cold
PBS and scraped on ice using a protease inhib-
itor-free RIPA buffer. A total of three dishes
were scraped from each cell line using the
same buffer, which was transferred from one
plate to the other. Centrifugation at 15,000
RPM for 10 min at 4°C was done to remove
insoluble cellular components. The protein con-
tent of the supernatant was determined as
previously mentioned. The enzymatic assay
was performed using 5 pg of protein per sam-
ple, as described previously. The samples were
incubated with TNP-470 (O-Chloroacetylcar-
bamoy fumagillol [MedChem Partners, Le-
xington, MA, USA]) for 15 min at RT before add-
ing the substrate. An increase of fluorescence
(due to substrate degradation during the enzy-
matic assay) was measured every 20 sec for 1
h at 25°C using a plate reader, as previously
mentioned. n=3.
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Viability assay

BxPC-3, PancOH7, AsPC-1 and PANC-1 cells
were seeded in 96-well plates (2,000 cells/
well). After 24 h, the cells were exposed to a
range of TNP-470 concentrations (0-5 uM) for
either 24 (BxPC-3 and PancOH7 cells) or 48 h
(AsPC-1 and PANC-1 cells) to detect viability.
MTT (Sigma Aldrich, St. Louis City, Missouri,
USA) was added (0.5 mg/mL) into each well
and incubated at 37°C and 5% CO, for 3 h.
Their absorbance was measured at 570 nm,
using a plate reader (Wallac 1420 VICTOR plate
reader, Perkin-Elmer Life Sciences, USA). n=5.

Quantification of oxidized and reduced gluta-
thione

The Quantification kit for oxidized and reduced
glutathione was purchased from Sigma-Aldrich
(item no. 38185, Milan, Italy). Quantification of
glutathione was determined in AsPC-1, BxPC-
3, PancOH7 and PC cells, with and without
treatment with TNP-470 10 uM, according to
Akerboom and Sies’s assay [27], following the
manufacturer’s guidelines. Cells were harvest-
ed by centrifugation. The different forms of
glutathione were extracted in a buffer contain-
ing sulfosalicylic acid. Glutathione reductase’s
enzymatic reaction was used for quantification.
Oxidized glutathione was specifically quantified
by treating the cell lysate with 2-vinylpyridine.
Fluorescence was measured every 2 min and
40 sec for ~35 min at 25°C using a plate read-
er (Synergy HT Multi-Mode Microplate Reader,
BioTek). n=3.

Reactive oxygen species detection assay

The reactive oxygen species (ROS) detection
cell-based assay kit was purchased from Cay-
man Chemical (item no. 601520, Michigan,
USA). 2,7-Dichlorofluoroscin Diacetate (DCFDA)
fluorescent probe was used for the detection of
ROS generation in PancOH7 and AsPC-1 cells
according to the manufacturer’s instructions.
ROS generation was determined in cells with
and without TNP-470 1 yM treatment and with
and without additional rescue treatment with
N-acetyl-L-cysteine 5 mM (NAC) purchased
from Sigma-Aldrich. The pancreatic cancer
cells were seeded 5,000 cells/well in 96-well
plates incubated at 37°C and 5% CO, at either
10% O, (normoxia) or 1% O, (hypoxia chamber)
for 72 h post addition of treatments. After 72 h,
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DCFDA was added (10 uM final concentration)
into each well and incubated at 37°C and 5%
CO, for 1 h. Cell fluorescence intensity was
measured using a 485 nm excitation and a
535 nm emission filter using a plate reader
(Spark 10M multimode microplate reader,
Tecan, Switzerland). n=4.

Proliferation assay

PancOH7 and AsPC-1 cells were seeded in
96-well plates (5,000 cells/well). After 24 h,
the cells were exposed to the same conditions
as mentioned previously in the ROS detection
assay. WST1 (Cayman Chemical) was added
into each well and incubated at 37°C and 5%
CO2 for 3 h. Their absorbance was measured
at 450 nm using Wallac 1420 VICTOR plate
reader. n=4.

Murine orthotopic tumors

Pancreatic orthotopic tumors were developed
in Foxnl nude mice by injecting 1x10° Panc-
OH7 cells directly into their pancreases with a
30-G needle. Treatment was initiated on the
day of tumor cell injection. Oral TNP-470
(mPEG-PLA-TNP-470) was prepared as previ-
ously mentioned [28] and was given 30 mg/kg
equivalent g.0.d. Control mice received empty
mPEG-PLA carriers. Mice were weighed and
observed daily throughout the experiment. On
day 28, the mice were sacrificed, and the pan-
creatic tumors, ascites, livers and spleens were
surgically removed and weighed. n=5-7 mice/
group.

Data analysis and statistics

Studies carried out on two groups were ana-
lyzed using the unpaired two-tailed Student’s
ttest. Studies containing more than three
groups were analyzed using a one-way analysis
of variance (ANOVA), and significant differenc-
es were determined using Tuckey’'s multiple
comparison post-test. Differences were con-
sidered statistically significant for P<0.05.
Results are presented as the mean + SEM.
Statistical data was analyzed on GraphPad
Prism 8 (www.graphpad.com, San Diego, Cali-
fornia, USA) and all experiments had at least
2-3 independent replicates unless otherwise
specified.
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Results

Expression of Metap2 and CD31 in human
pancreatic cancer patient samples

Human pancreatic tumor tissues were obtained
from patients in different stages of the disease
for immunohistology examination and expres-
sion of MetAp2 as well as detection of en-
dothelium (indicated by CD31 expression).
Immunofluorescent staining of the tissue sec-
tions of normal tissue, normal adjacent to the
tumor (NAT), stage I-IV tissues (referred to as
“primary tissue”) and metastatic tissue show-
ed both MetAp2 and CD31 expression (Figure
1A).

Tissue staining analysis was performed using
Imagel) analysis software. The fluorescently
dyed tissue intensities were evaluated for the
different markers by measuring the pixels
stained per area, followed by normalization for
the number of cells represented by blue DAPI
nuclei staining (explained in more detail in the
Materials and Methods section). MetAp2 ex-
pression levels were ~25% higher in pancreatic
cancer tissues obtained from patients with
stage | and Il of the disease compared with nor-
mal tissues and NAT (Figure S2). Importantly,
MetAp2 levels were significantly higher in tis-
sues resected from patients with stage Ill and
IV of the disease, with over 50% more expres-
sion of MetAp2 compared with normal tissues.
Furthermore, metastatic tissue sites express-
ed significantly higher levels of MetAp2 com-
pared with primary sites in patients with cancer
stages | or Il and lll or 1V, displaying >70% and
>40% higher levels, respectively. Collectively,
metastatic tissues expressed >60% higher lev-
els of MetAp2 compared with primary tissue
sites (Figure 1B). In correlation with many stud-
ies [29-31], a notable enhancement in CD31
expression (indicating higher angiogenesis)
was observed in metastatic tissues and late
stage tumors compared with normal tissues
(Figure 1C).

MetApl and MetAp2 expression and activity
in HUVECs, pancreatic cancer cell lines and
patient-derived pancreatic cancer cells

Immunoblotting was used to measure MetApl

and MetAp2 protein expression at the cell-level
of endothelial cells, pancreatic cancer cell lines

Am J Transl Res 2022;14(9):6243-6255
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Figure 1. Tissue samples obtained from human pancreatic-cancer patients expressed high levels of MetAp2 and
CD31. A. Immunofluorescent staining of MetAp2 (green), CD31 (red) and DAPI (Blue) revealed. B, C. Higher expres-
sion of MetAp2 and CD31 in metastatic cancer organs versus the primary sites. Samples were imaged using a
fluorescent microscope (Olympus IX-73). Analysis of tissue staining was performed by using the ImageJ analysis
program. The fluorescently dyed tissue staining intensities were assessed for the different markers by an evaluation
of pixels stained per area, followed by normalizing the number of cells represented by blue DAPI nuclei staining.
The data was divided into 4 main groups: normal tissue, normal tissue adjacent to the tumor (NAT), primary tissue
(stages I-IV) and metastatic tissue. n=7-50. *P<0.05 and ***P<0.001, compared with normal tissues. Results are

presented as mean + SEM. Scale bar =100 pm.

and patient-derived pancreatic cancer cells (PC
cells). Since the exact physiological roles of
MetApl and MetAp2 are not completely under-
stood and they can compensate for one anoth-
er [13], the basal cellular protein levels (base-
line expression in the activated state of cells
grown in optimal growth conditions) of MetApl
and MetAp2 were measured (Figure 2).

Considering that MetAp1 and MetAp2 are ubig-
uitously expressed in endothelial cells [32], all
results were compared to human umbilical vein
endothelial cells’ (HUVECs) expression and
activity levels of MetApl and MetApl. All cells
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showed comparable levels of MetApl and
MetAp2, while AsPC-1 displayed higher levels
as opposed to PC cells, which showed lower
MetAp1 levels. In addition, PancOH7 and AsPC-
1 cells exhibited higher levels of MetAp2 com-
pared with the other cells (Figure 2A, 2B).
Since enzyme activity does not always corre-
spond to the actual protein levels, the basal
activity of MetApl and MetAp2 was measured
separately and jointly (Figure 2C-E). In Figure
2F, it can be seen that MetApl and MetAp2
activity at 20 min is highest in PancOH7 and PC
cells, while the other cells display lower and
comparable enzyme activity.
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Figure 2. Basal MetAp1 and MetAp2 activity and expression in pancreatic-cancer cell lines, patient-derived pancre-
atic cancer cells and endothelial cells. (A, B) Western blot analyses for determining the expression of (A) MetAp1
and (B) MetAp2 in all cell lines. MetAp2 enzyme levels in pancreatic-cancer cell lines and patient-derived pancre-
atic cancer cells are higher than the levels in HUVECs. n=3. (C) Measurement of the basal activity of MetAp1, (D)
MetAp2 and (E). MetAp1 and MetAp2 in HUVECs, PancOH7, PANC-1, AsPC-1, BxPC-3 and PC cells. The reaction was
monitored for ~40 min by fluorescent quantification of the cleaved substrate. (F) Measurement of MetAp1's and
MetAp2’s activity after 20 min. PancOH7 cells showed the highest activity of MetApl and MetAp2 compared with
the other cells. Results are representative and were normalized to the total cell number. n=2.
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of treatment for the BxPC-3 and PancOH7 cells, and after 48 h of treatment

0011 5

470 and showed a significant
dose-dependent reduction in
proliferation following a 24-
48 h incubation period. A
reduction of ~40%, 65% and
88% in PancOH7 cell prolifer-
ation was observed with 0.1,
1 and 5 uyM TNP-470 treat-
ment, respectively.
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induced orthotopic pancreat-
ic cancer in Foxnl nude mice
by injecting PancOH7 cells
directly into their pancreas-
es. Oral TNP-470 (mPEG-PLA-
TNP-470) was prepared as
previously mentioned [28]
and was administered 30
mg/kg equivalent g.o.d. Pan-
creatic tumors treated with
oral TNP-470 showed a signif-
icant reduction in their weight
of ~37% compared with tho-
se of the non-treated mice

for AsPC-1 and PANC-1 cells. A dose-dependent effect was observed, where

higher concentrations of the MetAp2 inhibitor induced lower viability. The
absorbance was measured at 570 nm using a plate reader (Wallac 1420 VIC-
TOR plate-reader, Perkin-EImer Life Sciences, USA). n=5. ns, not significant,
**p<0.01, ***p<0.001 compared with non-treated control cells. Results

are presented as mean + SEM.

Effect of MetAp2'’s inhibition on its activity and
proliferation of pancreatic cancer cell lines
and in vivo effects of MetAp2’s inhibition

In order to inhibit MetAp2's basal activity, we
used a specific fumagillin analogue, TNP-470,
that functions as a specific MetAp2 antagonist
[33]. MetAp2’s basal activity in PancOH7 cells
was measured for 1 h after treatment with 0-5
UM TNP-470 (Figure 3A). Five uM of TNP-470
reduced MetAp2 activity in PancOh7 cells by
>35% over the course of 1 h.

Since tumor progression involves several cellu-
lar activities, such as cell proliferation, we con-
ducted a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl-2H-tetrazolium bromide (MTT) assay to
assess the effect of MetAp2 inhibition on pan-
creatic cancer cell proliferation (Figure 3B).
BxPC-3, PancOH7, AsPC-1 and PANC-1 cells
were treated with 0, 0.1, 1 and 5 uM of TNP-
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that received empty mPEG-

PLA carriers (Figure S4A,
S4B). In addition, treated

mice showed lower ascites
volume and spleen weight
compared with control mice,
while both groups presented similar liver
weights, indicating the nontoxic effect (Figure
S4C).

Effect of MetAp2’s inhibited activity on gluta-
thione and ROS levels

Since PDA is hypovascularized and character-
ized by severe hypoxic regions [8], combined
with the findings of elevated levels of GSH in
pancreatic carcinoma and its important role
in cell proliferation [23], we next studied
MetAp2’s inhibition effects on GSH levels in
AsPC-1, BxPC-3, PancOH7 and PC cells. Inter-
estingly, GSH levels were significantly reduced
while GSSG levels were markedly elevated in all
the pancreatic cancer cells tested (Figure 4).
The glutathione ratio (GSH/GSSG) in cells
treated with 10 pM TNP-470 was 57%, 63%,
84% and 97% lower than control non-treated
PancOH7, PC, BxPC-3 and AsPC-1 cells, respec-
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Figure 4. Inhibition of MetAp2 activity influences glutathione levels. Quanti-
fication of glutathione was determined in AsPC-1, BxPC-3, PancOH7 and PC
cells, with and without TNP-470 10 uM treatment. A. Results of total glutathi-
one, GSH and GSSG activity are displayed after 17 min. B. GSH/GSSG ratio
in AsPC-1, BxPC-3, PancOH7 and PC cells, with and without TNP-470 10 uM
treatment. Inhibition of MetAp2 activity significantly reduces GSH levels and
enhances GSSG levels. n=3. *P<0.1, **P<0.01, ***P<0.001 compared
with non-treated control cells. Results are presented as mean + SEM.

tively (Figure 4B). In order to further evaluate
the effect of MetAp2 inhibition on the redox
state of cells, ROS levels in PancOH7 and AsPC-
1 cells were determined. The addition of 1 uM
TNP-470 induced a 10% increase in ROS in
PancOH7 cells, while in AsPC-1 cells the in-
crease in ROS was significantly higher (over
40%) compared with non-treated control cells
(Figure SBHA). This effect correlated with the
reduction of >30% in cell proliferation (Figure
S5B). However, ROS levels did not increase sig-
nificantly compared to control non-treated cells
when the cells were grown in hypoxic condi-
tions, though the addition of NAC treatment
(serving as an antioxidant) reduced the oxida-
tive stress in AsPC-1 and PancOH7 cells by
~30% and ~50%, respectively. Interestingly,
the addition of NAC to AsPC-1 cells grown in
hypoxic conditions significantly increased their
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GSSG

GSSG

proliferation by >55% and
>45%, with and without TNP-
470 treatment, respectively,
compared to control non-
treated cells, while the prolif-
eration of PancOH7 cells was
not significantly affected (Fi-
gure SH).

= Control
=3 TNP-470
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mm Control

=3 TNP-470

PDA is the fourth leading
cause of cancer-related dea-
ths worldwide [34]. In the US,
the number of PDA cases is
expected to more than dou-
ble in the near future [35].
The aggressive nature of this
cancer is due to its pro-
nounced ability to progress
and metastasize [36]. Appro-
ximately 80% of all diagnosed
patients are already present
with locally advanced or met-
astatic disease [37] and 75%
of all patients die of metastat-
ic disease within 5 years of
intended curative surgery,
showing no evidence of me-
tastasis upon resection [38].
To date, chemotherapy regi-
mens are based on 5-fluoro-
uracil or gemcitabine and they
only prolong survival time by
months; that is to say, the
increase in the overall survival rate remains
poor [39].

This emphasizes the critical unmet clinical
need to develop novel approaches that ad-
dress not just the primary PDA tumor, but that
mainly target the metastatic PDA cells, possibly
leading to higher survival rates. Most research
has focused on MetAp2’s role in angiogenesis,
and in our recently published paper, we found
its involvement in lymphangiogenesis [40].
However, its role in metastatic cell biology has
not been sufficiently explored.

In this study, we demonstrate the high expres-
sion levels of MetAp2 in PDA, thus providing a
possible target for the metastatic disease.
Histological samples from human pancreatic
cancer patients showed a significantly higher
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expression of MetAp2 in metastatic samples
(>60%) compared with primary tissue sites
(Figures 1B and S2), supporting our hypothesis
that it is a valid target in metastasis. It is well
known that MetAp2 plays an important role in
the proliferation of endothelial cells [41] - as
can be indicated by CD31’s high expression lev-
els and co-localization with MetAp2 in primary
and metastatic PDA in comparison to normal
tissues (Figure 1) - however, its levels in pan-
creatic cancer cells are yet to be determined.
We found that MetAp2 was highly expressed in
patient-derived cancer cells and pancreatic
cancer cell lines compared with HUVECs (Fi-
gure 2). Interestingly, patient-derived cancer
cells displayed the highest MetAp2 activity.
This may be explained by the increase in ratio
of oxidized to reduced MetAp2 in stressed
tumor cells due to the enhanced production of
ROS, causing a shift in the substrate specificity
of MetAp2. Another work showed that MetAp2
activity is controlled by the redox state of the
allosteric disulfide bond [42]. Moreover, MetAp2
activity was found to be susceptible to bio-
chemical inhibition by TNP-470 in a dose
dependent manner in PancOh7 cells (Figure
3A).

Next, we aimed to investigate MetAp2'’s effect
on pancreatic cancer cell functionality. We
found that the pancreatic cancer cells’ prolifer-
ation was significantly impaired in a dose-
dependent manner when MetAp2 was inhibit-
ed. Even with the lowest concentration used,
0.1 uM, a significant reduction in proliferation
was observed in all cell lines (22-40%). These
findings indicate the potential of MetAp2 as a
target in impeding PDA growth and progres-
sion.

A hallmark of PDA is its desmoplastic nature
[6], characterized in patient-derived tissue
specimens by high fibrotic tissue surrounded by
an altered ECM (Figure S1), leading, when
combined with rapid abnormal vessel forma-
tion [7], to limited oxygen availability and severe
hypoxic regions [8]. Elevated GSH levels were
found in various human cancer tissues, such as
breast, colon and lungs [43-45]. A different
work found that pancreatic cancer cells dis-
played high levels of GSH and it plays an impor-
tant role in cell proliferation [23]. Interestingly,
we found that MetAp2 inhibition led to a signifi-
cant change in glutathione ratio (GSH/GSSG)
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levels in patient-derived and pancreatic cancer
cell lines, displaying a significant reduction in
GSH levels and increased GSSG levels com-
pared with non-treated cells. MetAp2 in endo-
thelial cells is known to regulate their prolifera-
tion through cell cycle arrest in the late G,
phase [46]. However, MetAp2 is also known to
be involved in the stabilization of elF-2«x in its
phosphorylated state, thus having an impor-
tant impact on protein synthesis and cell
growth [47]. A different work revealed the
essential role of elF2a signaling in promoting
the survival of resistant hypoxic cells by induc-
ing GSH synthesis and protection against ROS
produced in hypoxic environments [48]. It
should be noted that AsPC-1 and BxPC-3 cells
showed a higher change in their glutathione
ratio compared with PacnOH7 and PC cells,
which may be explained by the existence of
alternative oxygen stress mediators in the lat-
ter cells. Interestingly, AsPC-1 cells showed a
higher significant increase in their ROS levels
than the rise observed in PancOH7 cells when
treated with the MetAp2 inhibitor, and accord-
ingly the addition of NAC as an antioxidant res-
cue treatment significantly increased the prolif-
eration of AsPC-1 cells cultured in hypoxic con-
ditions in which ROS levels are elevated [49].
This, combined with in-depth in vivo chemical
analysis would be interesting avenues to
explore in the future. Our results, together with
other work - demonstrates that glutathione
homeostasis is altered by MetAp2 inhibition -
[22] suggest MetAp2 may be an effective tar-
get for treating the severely hypoxic PDA.

To determine whether our in vitro findings were
also expressed in vivo, we utilized an orthotopic
cancer animal model to investigate the effect
of MetAp2 inhibition on pancreatic tumor
growth. To develop local tumors, PancOH7 cells
were injected directly into the pancreases of
Foxnl nude mice. Treatment with an oral
MetAp2 inhibitor led to a significant reduction
in the pancreatic tumors’ weights (37%), com-
pared with non-treated mice (Figure S4). In
addition, treated mice displayed lower ascites
volume compared with non-treated mice, in
keeping with our previous findings of reduced
ascites volume in mice treated with oral TNP-
470 [28]. This decrease in volume may be a
consequence of reduced edema as a result of
the anti-vascular leakage activity of the MetAp2
inhibitor. This can also explain the reduction in
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spleen weight in the treated group compared
with the control group, implying a decrease in
inflammation [50]. Since the liver is a major
detoxification and metabolic organ, changes in
its weight may be indicative of a toxic effect.
Therefore, the previous results, combined with
the comparable liver weights in both mice
groups, suggest the nontoxic and effective
treatment of MetAp2 inhibition. It would be
interesting to further test the exact in vivo
mechanism of MetAp2 inhibition in metastatic
tumor models to validate these results.

In our previous study, we showed the preventa-
tive effect of an orally available form of TNP-
470 in melanoma liver metastases, mainly
attributed to its anti-angiogenic activity [28]. In
our recently published work, we suggested the
involvement of MetAp2 in lymphangiogenesis
and the potential of preventing a lymphatic
pro-metastatic process upon inhibition of
MetAp2 [40]. Our collective work, combined
with our recent findings of elevated expression
of MetAp2 in PDA metastatic sites and similar
findings in human colorectal carcinoma tis-
sues, with a specific increase of MetAp2 in the
invasive component that suggests its associa-
tion with metastatic tumor progression [51],
together advocate MetAp2 as a potentially
effective target for treating not just PDA, but
also other metastatically progressed solid
tumors.

This study is the first to show the high expres-
sion levels of MetAp2 in PDA metastatic
regions, possibly providing a new target for
treating this highly devastating disease. In-
hibition of MetAp2 significantly reduced prolif-
eration at the cell level and also in vivo, in an
orthotopic pancreatic tumor model. Additionally,
GSH levels were markedly reduced in pancre-
atic cancer cells treated with a MetAp2 inhibi-
tor, suggesting a possible mechanism of anti-
cancer activity and its suitability for treating
highly hypoxic PDA tumors. These results offer
a new treatment target for the deadly PDA dis-
ease and possibly other tumors with high
expression levels of MetAp2.
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Figure S1. Tissue samples obtained from human patients with pancreatic-cancer who expressed high levels of TME
components. A. Pancreatic-cancer tissues stained with anti-fibroblasts (red) and anti-CD31 (green) and DAPI (blue).
B. A higher expression level of CD31 and fibroblasts in metastatic cancer organs versus the primary sites. C. Pancre-
atic patient-derived cancer tissues stained with anti-collagen IV (red) and DAPI (blue). D. Tissue specimens stained
with anti-hyaluronic acid (red) and DAPI (blue). E. Higher expression levels of collagen type IV and hyaluronate in
primary PDA sites compared with metastatic sites and NAT. Samples were visualized using a fluorescent microscope
(Olympus IX-73). Analysis of tissue staining was performed by using ImageJ analysis program. The tissue staining
intensities were assessed for the different markers by an evaluation of pixels stained per area, followed by normal-
izing the number of cells represented by blue DAPI nuclei staining. The data was divided into three main groups:
normal tissue adjacent to the tumor (NAT), primary tissue (stages I-IV) and metastatic tissues. n=7-50. *P<0.05,
compared with normal tissues. Results are presented as mean + SEM. Scale bar =100 pum.
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Figure S2. MetAp2 expression levels are higher in metastatic cancer sites versus primary cancer sites. Samples
were visualized using a fluorescent microscope (Olympus IX-73). Analysis of tissue staining was performed by us-
ing the ImageJ analysis program. The fluorescently dyed tissue staining intensities were assessed for the different
markers by an evaluation of pixels stained per area, followed by normalizing the number of cells represented by
blue DAPI nuclei staining. Metastatic tissue sites expressed significantly higher levels of MetAp2 compared with
primary sites in patients with cancer stages | or Il and Ill or IV, displaying >40% and >70% higher levels, respectively.
The data was divided into 4 main groups: normal tissue, normal tissue adjacent to the tumor (NAT), primary tissue
(stages I-IV) and metastatic tissues. n=7-50. *P<0.05 and ***P<0.001, compared with normal tissues. Results are
presented as mean + SEM.
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F Table. Densitometry readings/intensity ratios
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MetAp2 0.1408 0.4499 0.1630 0.3844 0.1611 0.1651

Figure S3. Basal MetApl and MetAp2 expression in pancreatic-cancer cells lines, patient-derived pancreatic cancer
cells and endothelial cells. Original images of Western Blot results for determining the expression of MetApl and
MetAp2 in HUVEC, PancOH7, PANC-1, AsPC-1, BxPC-3 and PC cells. (A) MetAp1 (Exposition of 120 sec) and (B).
Cofilin of MetAp1 (Exposition of 60 sec) proteins were analyzed by Western blots. (C) Table shows the densitometry
readings/intensity ratio of MetAp1 in HUVEC, PancOH7, PANC-1, AsPC-1, BxPC-3 and PC cells. Cofilin (19 kDa) was
used as an internal standard for equalizing the samples. The intensity of MetApl was divided by the intensity of
cofilin. (D) MetAp2 (exposition of 120 sec) and (E). B-actin of MetAp2 (exposition of 10 sec) proteins were analyzed
by Western blots. (F) Table shows the densitometry readings/intensity ratio of MetAp2 in HUVEC, PancOH7, PANC-
1, AsPC-1, BxPC-3 and PC cells. B-actin (42 kDa) was used as an internal standard for equalizing the samples. The
intensity of MetAp2 was divided by the intensity of B-actin.
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Figure S4. Inhibition of MetAp2 reduces orthotopic pancreatic tumor burden. Orthotopic pancreatic PancOH7 tu-
mor burden after treatment with oral TNP-470. A. Images show representative tumors after 28 d of treatment with
oral mPEG-PLA-TNP-470 30 mg/kg equivalent g.0.d (top tumors represent control, non-treated mice, while bottom
tumors represent tumors treated with oral TNP-470). On day 28, mice were sacrificed, and the pancreatic tumors,
ascites, livers, and spleens were surgically removed and weighted. B. Pancreatic tumors treated with oral TNP-470
showed a significant reduction in their tumor weight (~37%) compared with control, non-treated mice. C. Treated
mice show lower ascites volume and spleen weight compared with control mice, while similar liver weights are
observed in both mice groups. n=5-7 mice/group. **P<0.01 compared with non-treated control mice. Results are

presented as mean + SEM.
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Figure S5. Inhibition of MetAp2 activity affects ROS levels and cell proliferation. ROS levels and cell proliferation
were determined in PancOH7 and AsPC-1 cells, with and without TNP-470 1 uM and NAC 5 mM treatments in nor-
moxia and hypoxia conditions. A. Results of ROS levels are presented 72 h after the addition of treatment using
the DCFDA fluorescence kit. n=4. B. Proliferation of PancOH7 and AsPC-1 cells 72 h after the addition of treatment
was determined using the WST-1 proliferation kit. Inhibition of MetAp2 activity significantly enhanced ROS levels
and reduced cell proliferation in cells grown in normoxia, while in hypoxia the effect was not significant, apart from
the NAC rescue treatment which significantly reduced ROS levels in both cells and markedly increased AsPC-1 cell
proliferation. n=4. *P<0.1, **P<0.01, ***P<0.001 compared with non-treated control cells. Results are presented
as mean + SEM.



