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Proteome Profiling of Primary
Pancreatic Ductal
Adenocarcinomas Undergoing
Additive Chemoradiation Link
ALDH1A1 to Early Local
Recurrence and Chemoradiation
Resistance
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Abstract

Pancreatic ductal adenocarcinoma (PDAC) has a poor prognosis with frequent post-surgical local recurrence. The
combination of adjuvant chemotherapy with radiotherapy is under consideration to achieve a prolonged progression-free
survival (PFS). To date, few studies have determined the proteome profiles associated with response to adjuvant
chemoradiation. We herein analyzed the proteomes of primary PDAC tumors subjected to additive chemoradiation after
surgical resection and achieving short PFS (median 6 months) versus prolonged PFS (median 28 months). Proteomic
analysis revealed the overexpression of Aldehyde Dehydrogenase 1 Family Member A1 (ALDH1A1) and Monoamine
Oxidase A (MAQA) in the short PFS cohort, which were corroborated by immunohistochemistry. /n vitro, specific inhibition
of ALDH1A1 by A37 in combination with gemcitabine, radiation, and chemoradiation lowered cell viability and augmented
cell death in MiaPaCa-2 and Panc 05.04 cells. ALDH1A1 silencing in both cell lines dampened cell proliferation, cell
metabolism, and colony formation. In MiaPaCa-2 cells, ALDH1A1 silencing sensitized cells towards treatment with
gemcitabine, radiation or chemoradiation. In Panc 05.04, increased cell death was observed upon gemcitabine treatment
only. These findings are in line with previous studies that have suggested a role of ALDH1A1 chemoradiation resistance,
e.g., in esophageal cancer. In summary, we present one of the first proteome studies to investigate the responsiveness of
PDAC to chemoradiation and provide further evidence for a role of ALDH1A1 in therapy resistance.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is projected to be the
second leading cause of cancer related deaths in the western world by
the year 2030 [1], with reported 5-year survival rates as low as 8%
[2,3]. For most patients, curative treatment options do not exist at the
time of diagnosis. Surgery is considered the best treatment option, but
is restricted to localized pancreatic cancer without evidence of distant
metastasis [4-6]. About 20% of patients are eligible for surgical
resection at initial diagnosis. Recently, the ESPAC-4 trial reported 5-
year survival rates of 15% to 30% in patients with margin negative
resection (RO) and adjuvant chemotherapy with either gemcitabine
alone or gemcitabine in combination with capecitabine [4]. Local
recurrence of the tumor occurs in up to 86% of surgical cases despite
adjuvant chemotherapy [3—5,7-10]. More efficient adjuvant therapy
regimens are being actively sought. One of the concepts under
investigation is chemo-radiation therapy (CRT). The clinical benefit
of CRT (e.g., as compared to chemotherapy alone) is a topic of
ongoing research and debate [11,12]. However, it should be noted
that the standard mode of treatment in pancreatic cancer following
surgery is additive and/or adjuvant chemotherapy.

Several recently published studies have successfully highlighted
molecular PDAC subtyping and stratification with a focus on
response to chemotherapy [11-17]. In addition to establishing
biological marker profiles of potential chemotherapy responders,
these studies also yielded an improved understanding of the molecular
basis of therapy resistance. However, this type of research has not yet
covered resistance to CRT in PDAC unlike the case of other tumor
entities [18,19].

The availability of formalin fixed paraffin embedded (FFPE) tissues
provides a retrospective source of proteomic information, especially in
conjunction with clinicopathological annotation and follow-up data
[20,21]. Coupled with label-free shotgun proteomics and immuno-
histochemistry, these FFPE tissues have been widely used to identify
biomarkers and drug targets in different disease settings [22-25].
Several recent reports highlight a limited correlation between mRNA
levels and corresponding protein levels, thus arguing in favor of
proteomic approaches [26,27]. In PDAC, drug combination
therapies have been experimented to improve treatment efficacy. A
good example is the use of erlonitib, an epidermal growth factor
receptor (EGFR) inhibitor, together with gemcitabine to target
advanced PDAC, which has improved survival in unresectable cases
[28,29]. Therefore, the identification of genes/proteins that drive
therapy resistance is essential as it creates a foundation for novel,
efficient co-treatment strategies.

In the present study, we employed quantitative proteomics to
distinguish the proteome signature of short and prolonged disease-free
survival in surgically resected PDAC tumors subjected to additive
chemoradiation. The identification of this proteome signature is
important as it lays a basis for the future development of effective co-
treatment regimens. We applied the acid labile surfactant-based protein
retrieval on FFPE dssues, liquid chromatography—tandem mass
spectrometry (LC-MS/MS) and label free proteomics. We identified
aldehyde dehydrogenase 1 family member A1 (ALDH1ALI) as one of
the proteins up-regulated in the short PES subcohort. We further show
that using a specific ALDH1ALI inhibitor, we sensitized PDAC cells to
gemcitabine, radiation, and chemoradiation therapy iz vitro. In line
with further studies on other solid tumor entities, our study emphasizes
a role of ALDHIAI in contributing resistance to chemoradiation
treatment.
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Materials and Methods

Ethics Statement

The clinical proteomic study of human PDAC tissue was approved
by the local Ethics Committee of the University of Liibeck /
University Hospital of Schleswig-Holstein, Liibeck (AZ 15-368,
January 2016).

Patient Cohort

This study included primary tumor tissue from 12 patients with
primary diagnosis of localized (non-metastatic) PDAC between 1999
and 2014 who underwent chemoradiation at University Hospital of
Schleswig-Holstein, Campus Liibeck. Only cases with sufficient
follow-up information and availability of tissue were included. Details
on the patient cohort are provided in the results section.

Tissue Collection, Fixation and Microdissection

Tissue specimens were harvested at the time of pancreatic surgery.
Tissue fixation in formalin and paraffin embedding was conducted
according to established protocols. Hematoxylin - Eosin (HE) - stained
sections of the 12 samples were microscopically inspected by
experienced pathologists to confirm diagnosis and to mark appropriate
tumor areas for microdissection as described previously [30].

Sample Preparation for LC-MS/MS-analysis and
Data Acquisition

An acid-labile surfactant protocol for heat antigen retrieval and direct
trypsinization was employed as described previously [30,31]. The
microscopically dissected tumor regions were scrapped into 1.5 ml
reaction tubes. 100 pl of an aqueous buffer containing 0.1% Rapigest
(Waters), I mM dithiothreitol (DTT, AppliChem) and 1 M Hepes pH
8.0 (AppliChem) was added into each tube. Antigen retrieval and
protein extraction were performed by incubating the samples at 95°C
and 750 rpm for 1 hour. Afterwards, the pH of each sample was
controlled to be in the range of 7.0-8.0. The samples were trypsinized at
37°C, 18 h using sequencing grade trypsin (Worthington), with 2 pg
trypsin added per 1 mm? tissue volume. Undigested tissue debris was
removed by centrifugation (19,000 g for 15 minutes).

The supernatants were transferred to new 1.5 ml reaction tubes
followed estimation of the protein concentration by bicinchoninic acid
(BCA) assay (Thermo Scientific). Cysteine resides in the digested
samples were reduced and alkylated using 10 mM DTT for 30 minutes
at 37°C, followed by 30 mM iodoacetamide (Sigma-Aldrich) for 15
minutes at 37°C, and quenching of excess iodoacetamide with 10 mM
DTT for 15 minutes at 37°C. Prior to Rapigest decomposition,
guanidinium chloride (AppliChem) was added to a final concentration
of 3 M before acidification by 0.2 M hydrochloric acid and incubation
at 37°C for 30 minutes. The samples were then centrifuged (19,000 g
for 15 minutes) and the supernatants were transferred to 1.5 ml reaction
tubes. 12.5 ug of each sample were desalted using self-assembled C18
Stage tips (Empore, St. Paul, MN). Protein concentrations were
determined using the BCA assay and 2 ng peptides per sample were
vacuum dried using a centrifugal concentrator (Eppendorf) and stored
at -80°C prior to LC-MS/MS analysis.

LC-MS/MS for Proteome Analysis

For LC-MS/MS, samples were analyzed by an Orbitrap Q-Exactive
Plus (Thermo Scientific) mass spectrometer coupled to an Easy nano-
LC 1000 (Thermo Scientific) with a flow rate of 300 nl/min. Buffer A
was 0.1% (v/v) formic acid and buffer B was 0.1% (v/v) formic acid in
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80% acetonitrile. For reverse phase chromatography, a gradient of
increasing acetonitrile proportion was applied in combination with a
C18 separating column (Acclaim PepMap, 2 pm particle size, 100 A
pore size, 150 mm length, and inner diameter 50 pm). The mass
spectrometer operated in data dependent mode with a maximum of 10
MS/MS scans following each MSI scan.

Data Analysis

Data analysis was performed using MaxQuant (v1.5.2.8) [21]. For
peptide identification, the Andromeda search engine and the reviewed
human database without isoforms downloaded from Uniprot on 25th
July, 2016 (20,193 entries) were used. A decoy database was generated
using the revert function. The precursor mass tolerance for the first
search was 20 ppm, 4.5 ppm for the main search and 20 ppm for the
fragment mass tolerance. Peptide-spectrum matching included a fixed
modification of carbamidomethyl cysteine and variable modifications of
methionine oxidation and N-terminal acetylation. Tryptic cleavage
specificity was set with a maximum of two missed cleavages and
minimum peptide length set at seven amino acids. For protein
identification, a minimum of one peptide was set. The false discovery
rate (FDR) at both the peptide and protein level was set to 0.01.

Label free quantitation was performed using the MaxLFQ
algorithm with at least one peptide per protein considered. The
MaxQuant output was further processed using Perseus (v1.5.0.0).
Reverse decoy sequences and potential contaminant entries were
removed and the LFQ intensities transformed to log 2 values.
Statistical analysis was performed in R (v3.3.1) using linear models for
microarray data (LIMMA) with a P value cut-off set at 0.01 to
identify significantly regulated proteins. The choice for LIMMA was
based on the small sample size as well as correcting for the multiple
testing problem in this case study. For classification of interacting
proteins/protein groups, STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins) [32] was used on proteins with a p-value

cut-off of 0.05.

Immunohistochemistry

Immunohistochemical corroboration of ALDH1A1 and MAOA was
performed as described earlier [30,33] using specific antibodies mouse
anti-human ALDHI1Al (R&D, MAB5869) and rabbit anti-human
MAOA (ProteinTech, 10,539-1AP). Briefly, 2 pum tissue sections were
deparaffinized and subjected to heat-induced antigen retrieval. Tissue
sections were then stained using the following steps: incubation in
H,0, for 5 minutes, with primary antibodies for 1 hour, with mouse/
rabbit linker (15 minutes), with horseradish peroxidase and secondary
antibody for 20 minutes and final incubation with 3, 3’-diaminoben-
zidine for 10 minutes. Sections were then counterstained in
hematoxylin for a minute; with xylene used as permanent mounting
medium. We evaluated the intensity of immunohistochemical staining
using a well-established pathological scoring system with 0 = negative, 1 =
weak, 2 = moderate, and 3 = strong [34]. For all samples, we only
considered those tumor areas that corresponded to HE-stained templates
that underwent proteomic analysis.

Cell Culture

MiaPaCa-2, HPAF-II and Panc 05.04 cell lines were purchased
from the American Type Culture Collection (ATCC). MiaPaCa-2
and HPAF-II were cultured in Dulbecco's modified Eagle's medium
supplemented with 10% fetal calf serum, Panc 05.04 was cultured in
RPMI medium containing 15% fetal calf serum supplemented with
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0.1% insulin. Cell lines were incubated at 37°C in humidified air,
containing 5% CO,.

Quantitative Real Time PCR (qPCR)

RNA expression levels of genes of interest (ALDH1A1 and MAOA)
were quantified using qPCR, essentially performed as described
previously [35]. Briefly, RNA was isolated using the RNAeasy system
(Qiagen), 2 pg each of total RNA was reverse transcribed using the
iScript cDNA synthesis system (Bio-Rad) and 10 ng of each sample was
analyzed in technical triplicates. Relative mRNA expression of
ALDH1A1 and MAOA was normalized to f-actin mRNA as a control
housekeeping gene. Relative mRNA abundance was calculated by the
ddCt method. The following primer pairs were used, ALDHIAI
forward: 5-ATCAAAGAAGCTGCCGGGAA-3’, ALDHIAI re-
verse: 5'-TCTTAGCCCGCTCAACACTC-3’, MAOA forward: 5'-
GCATTTCAGGACTATCTGCTGC-3', MAOA reverse: 5'-GGT
CCCACATAAGCTCCACC-3', Actin forward AGCACTGT
GTTGGCGTACAG, and Actin reverse CTCTTCCAGCCT
TCCTTCCT. The cycling conditions were as follows: one cycle of
72°C for 1 min; 40 cycles of 95°C for 15 s, 56°C for 30's, 72°C for 30 s;
and one cycle of 72°C for 5 min.

Western Blot Analysis

Immunoblotting was performed using specific primary antibodies
mouse anti-human ALDH1A1 (R&D, MAB5869, 1:500) and rabbit
anti-human MAOA (ProteinTech, 10,539-1AP, 1:500). Briefly, total
protein extraction was conducted as described previously [35,36].
Protein concentration was determined using the bicinchoninic acid
(BCA) assay. 50 pg of protein lysates were loaded on to 10% SDS-
polyacrylamide gels followed by transfer onto PVDF membranes
using the semidry blot system (Bio-Rad). The membranes were
blocked with 5% milk in PBS-Tween, incubated overnight at 4°C
with primary antibodies followed by 1 hour incubation with
respective secondary antibodies at room temperature. The mem-
branes were then developed using the West Pico Chemiluminescent
substrate (Pierce) and peroxidase activity detected using the
Lumilmager device (Roche Applied Science).

Inhibitor Sensitivity Assay

The sensitivity of MiaPaCa-2, HPAF-II and Panc 05.04 cells to
ALDH1A1 and MAOA inhibitors, A37 (Tocris), DEAB (Tocris) and
clorgyline (Sigma-Aldrich) was quantified using the MTT (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) cell survival
assay (Sigma). Briefly, cells were seeded at a density of 10,000 cells/
well in 24-well plates and cultured at 37°C. After 24 hours, the
inhibitors were added in increasing concentration and cells cultured
for further 72 hours. Afterwards, 50 pl of the solubilized MTT salt
was added to each well containing 500 pl of the cell culture medium
and incubated for 3 hours. The purple crystals were then dissolved in
acid isopropanol and incubated for a further 10 minutes. The samples
were then transferred to a 96-well plate and absorbance read at 570
nm with a reference wavelength of 630 nm in a microplate reader.
The dose response curve of three independent experiments was
calculated relative to the DMSO treated controls.

MAOA and ALDH Activity Assays

MAOA activity assay (Sigma-Aldrich- MAK136) and ALDH
activity assay (Stem Cell Technologies- #01700) were conducted
according to the manufacturers' protocols.
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Cell Sensitivity to 5-fluorouracil, Gemcitabine and/or Radiation

The in vitro sensitivity of these cells to 5-fluorouracil, gemcitabine
and radiation was determined using the MTT assay or annexin V/PI
staining. To quantify cell viability, 10,000 cells/well were seeded in
24-well plates and sub-cultured at 37°C. If applicable, after 24 hours,
cells were treated with either ALDHI1A1 or MAOA inhibitors (EC,
values depending on cell line — see Supplementary Figure 3, A-C) for
48 hours at 37°C. Next, fresh medium supplemented with
gemcitabine (ECsq value- see Supplementary Figure 3E) was added
to the cells and incubated for a further 72 hours. For radiation assays,
cells were subjected to 10 Gy radiation dose from a Cesium-137
source (Cis Bio International) and incubated for a further 72 hours.
For chemoradiation, cells were treated with both gemcitabine (ECs
values- see Supplementary Figure 3E) and 10 Gy radiation. As a
control, we used cells treated with gemcitabine only, 10 Gy radiation
only or a combination of both. Cell viability was then quantified
using the MTT assay as previously described. For apoptosis assay,
50,000 cells/well were seeded in a 6 well plate and sub-cultured at
37°C. The treatment regimen described above was followed and cells
harvested for apoptosis quantification by flow cytometry. Cells were
trypsinized and washed once in annexin V binding buffer (Thermo
Fischer) followed by staining using Annexin-V Alexa 488/PI (Thermo
Fischer) for 15 minutes in the dark. The percentage of Annexin-V
positive cells was measured using FACSCalibur (BD Bioscience).

For 3D experiments, MiaPaCa-2 cells were seeded in conical
agarose microwell array (CAMA) to form non-spheroidal cell
aggregates as previously described [37]. Briefly, 1000 cells were
seeded into each microwell of these CAMA plates, cultured for 48
hours and treated with increasing concentrations (10 uM, 20 uM,
and 40 uM) of ALDHI1A1 inhibitor A37. After 3 hours, the cell
aggregates were irradiated (8.5 Gy), followed by replenishing the
inhibitor after 24 hours. The cell aggregates were left to grow for 14
days. The volume changes of the cell aggregates were quantified by
scanning using a high-resolution flatbed scanner (CanoScan 9000F
Mark II, Canon Inc.) as previously described [37].

ALDHIAI Expression Silencing

The ALDHI1AL expression silencing by small hairpin RNA
(shRNA) was generated using the MISSION shRNA lentivirus
system (Sigma-Aldrich). Three different shRNA constructs were used:
shRNA-ctrl (non-targeting shRNA, SHCO002), shRNA-1
(TRCN0000026415), shRNA-2 (TRCN0000026498). Viral trans-
duction and selection of stable transfectants was performed as

previously described [36].

BrdU (Proliferation) and Metabolic Assays

Cell proliferation was quantified using the BrdU assay (Roche).
Briefly, 100 pl of culture medium containing 2 x 10° cells were added
to a 96-well plate and cultured for 48 hrs. 10 pl/well of BrdU labeling
solution was added followed by 24 hours incubation. The cells were
then fixed at room temperature followed by addition of 100 pl/well
anti-BrdU-POD solution and incubated for 90 minutes. The cells
were washed thrice and developed using 100 pl/well substrate
solution. Sample absorbance in each well was measured at 370 nm
with background measurement at 492 nm. For metabolic rate assays,
20,000 cells were seeded per well and cultured for 3 days. 50 pl of
MTT salt was added to each well and incubated for 3 hours. The salt
was solubilized using 100 pl of acid isopropanol and absorbance read
at 570 nm.

Oria et al.
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Colony Formation Assays

To investigate the effect of ALDHI1AI on colony formation, 250
cells were added to each well of a 6-well plate. The cells were
incubated for 12—14 days at 37°C with medium change every 3 days.
The cells were washed twice with PBS and stained with 0.1% crystal
violet for 30 minutes. The number of colonies per well was counted
(250 cells) under the microscope and colony efficiency formation
determined.

Cell Death Assays

The effect of ALDHIA1 expression silencing on sensitivity to
gemcitabine, radiation and chemoradiation was probed as described
above. Briefly, 50,000 cells were seeded in each well of a 6-well plate
and cultured for 24 hours. Cells were then treated with gemcitabine
(ECs values), 10 Gy radiation or a combination of both gemcitabine
and radiation. After 72 hours, cell death was quantified using annexin
V/PI staining.

Reactive Oxygen Species Levels and DNA Damage Quantitation

Reactive oxygen species (ROS) levels were quantified using
CellRox” Green Reagent (C10444, Life Technologies) according to
manufacturer's instructions. Briefly, cells were irradiated at 10 Gy and
incubated for 2 and 24 hours. The CellRox® reagent was added to the
cultures to a final concentration of 5 pM and incubated for 30
minutes at 37°C. Non-irradiated cells were used as a control. The cells
were washed thrice in PBS and resuspended in FACs buffer (1% FCS
in PBS, 5 mM EDTA) and ROS levels quantified by flow cytometry.

Radiation generated ROS induces DNA damage that leads to
H2A.X phosphorylation (Ser139). This phosphorylation was quan-
tified by flow cytometry using pH2AX (Ser139) mouse mAb
Alexa488 conjugate (#20304, 1:50 Cell Signaling Technology).
Briefly, irradiated cells were trypsinized at 0.5 and 2 hours after
irradiation and washed in PBS solution. Methanol free formaldehyde
was added to a final concentration of 4% and fixed at room
temperature for 15 minutes. The cells were washed in cold PBS,
permeabilized using ice-cold 100% methanol to a final concentration
of 90% methanol and incubated for 30 minutes on ice. This was
followed by washing in PBS, resuspension in 100 pl antibody
solution (0.5 g BSA in 100 ml PBS) and incubation for 1 hour in the
dark at room temperature. Cell were washed in PBS, resuspended in
the antibody solution and analyzed by flow cytometry. Non-
irradiated cells were used as a positive control.

Analysis of Intracellular Metabolites by LC-ESI-MS/MS
Cultured MiaPaCa-2 and Panc 05.04 cells were isolated by
trypsinization, washed with PBS, and frozen at -80°C as dry pellets
until further analysis. Cell pellets were thawed and quickly
resuspended with 200 pL PBS. A 40 pL aliquot of the resuspended
cells was mixed with an equal volume of an aminothiol preserving
solution made up of 0.1 M Borate buffer pH 8.6, 0.1 M L-Serine, 10
mM iodoacetamide and 50 uM methylglutathione (GSMe, internal
standard). Reaction of free reduced thiols with iodoacetamide limits
artificial formation of mixed disulfides and spontaneous oxidation of
reduced thiols during sample preparation. Formation of a borate-Ser
complex inhibits the enzyme vy-glutamyltranspeptidase responsible
for the degradation of glutathione. Lysis was performed by three
cycles of freeze-thawing by alternating incubations in dry-ice and
room temperature. An aliquot of 10 pul of lysate was separated and
stored at -80°C for further measurement of concentration of proteins
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Figure 1. Schematic representation of the experimental design used in this proteomics study.

with the Bicinchoninic assay (Pierce, Thermofisher). For each sample,
20 pL lysate was mixed with 20 pL of H,O (basal pool of free
oxidized thiols) or with 20 pL 0.5 M DTT (basal pool of mixed
disulfides, both free and bound to proteins, converted to their free
reduced forms upon reduction by DTT). The samples were incubated
on ice 5 minutes, and 0.1 mL 0.1% formic acid in MeOH was added
to precipitate proteins. The extracts were cleared by centrifugation at
13,000 rpm for 15 minutes at RT. An aliquot of 60 ul of cleared
supernatant was transferred into high performance liquid chroma-

Table 1. Histopathological Characteristics of the Patients Used in this Proteomics Study

tography (HPLC) vials and 4 pl of each sample was injected into the
liquid chromatography-electrospray ionization-tandem mass spec-
trometry (LC-ESI-MS/MS QTrap 6500+, Sciex). Aminothiols were
separated on a Sunfire C8 3.5 pm, 2.1 x 50 mm column (Waters)
under isocratic conditions of 95% solvent A (0.1% formic acid in
water) and 5% solvent B (0.1% formic acid in MeOH), at a flow rate
of 0.75 mL/min, over 5 minutes. The concentration of aminothiols
was determined with respect to a calibration curve created with
commercial standards (homocysteine (Hcy), homocystine (Hcy-SS),

ID age sex Tumorlocaton T N M Grade Margin status  Radiation dose  Chemo FUP_OS FUP_PFS FUP_local recurrence  FUP_recurrence type  Tumor %
El 59 F  head T4 N1 MO G3 R2 50.4 Gy 5 FU 12 6 6 local >80
E2 61 M head T3 NI MO0 G2 R2 50.4 Gy 5 FU 12 10 10 distant >80
E3 65 M head T3 NI Mo G2 R1 50.4 Gy no 7 5 5 local >80
E4 39 M  head T3 NI MO G3 R1 45 Gy 5 FU 5 5 5 distant >80
E5 66 F  head T4 NI Mo G2 R1 55.8 Gy 5 FU 5 5 5 distant >80
E6 72 F head Ti NI MO G2 R1 45 Gy 5 FU 2 2 2 distant >70
Ll 63 F il T4 NO MO G2 NA 40 Gy Gemzar+5FU 33 33 33 distant >80
L2 56 M  head T4 NO MO G3 R2 45 Gy 5 FU 14 13 13 both >80
L3 63 M il T3 NI MO G3 R1 45 Gy 5 FU 27 27 27 local >80
L4 66 M head T3 NI MO G2 R1 50.4 Gy 5 FU 27 25 25 distant >80
L5 64 M il T2 NI MO G2 R2 50.4 Gy 5 FU 29 29 29 both >80
L6 65 M head T3 NI MO G3 RO 45 Gy 5 FU 65 65 65 distant >80

Key: All these tumors were histologically classified as PDAC, FUP: follow up, OS (Overall survival), PES (Progression-free survival), and local recurrence were all in months, NA: Not assessable, 5SFU: 5-

Fluorouracil, Chemo: Chemotherapy, Tumor %: Percent of FFPE tissue classified as tumor and used for proteomics.
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cysteine (Cys), cystine (Cys-SS), reduced glutathione (GSH), Statistical Analysis

oxidized glutathione (GSGG), cystathionine (Cysta), methionine For all experiments, statistical analysis was done for at least three
(Met) and methionine sulfoxide (MSO), and the addition of GSMe as  independent experiments employing the unpaired Student's # test using
an internal standard. Values of intracellular metabolites were GraphPad Prism 6.0 software (GraphPad Software) with P < .05
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Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium [38] via the PRIDE partner repository
with the dataset identifier PXD009254 (Reviewer account details:
username: reviewer4d4874@ebi.ac.uk, password: DwMsRVKM).

Results

General Approach and Overview of Patient Cohort

We aimed to investigate the proteome biology of localized PDAC
subjected to chemoradiation and displaying short PFS (PFS< 12
months, n = 6) versus prolonged PES (PFS >12 months, n = 6). In this
case, PES determination was based on macroscopic local recurrence or
metastasis. The set-up is summarized in Figure 1. Patients with
primary diagnosis of localized, non-metastatic PDAC underwent
surgical exploration and resection at the University Hospital of
Schleswig-Holstein, Campus Liibeck. Due to microscopically
margin-positive resection (R1) or local irresectability upon explora-
tion (n = 1, included due to prolonged PES), surgery was followed by
chemoradiation with 5-fluorouracil as radio-sensitizer between 1999
and 2014. Specimens of the resected primary tumor were preserved as
FFPE samples. A detailed histopathological analysis of the patients
involved in the study is shown in Table 1. We employed FFPE tissue
samples since these represent the standard tissue for histopathological
diagnosis and evaluation of human malignancies. Proteomic analysis
of FFPE tissues using “direct trypsinization with acid-labile
surfactants” demonstrated robustness in protein identification and
quantification [30,31].

Protein Identification and Relative Quantitation

A total of 1878 proteins were identified and quantified across the 12
samples (Figure 24 and Supplementary Table 1). This number is in the
range of several other FFPE-based proteomic studies [30,31,33].
Limited proteome overlap between biological and technical replicates
continues to be a characteristic limitation of explorative shotgun
proteomics [26,27]. Although each case allowed for the identification
and quantification of a comparable number of proteins (Figure 24), the
number of proteins that were consistently observed in all 12 samples
remained below 600 (Supplementary Figure 1A4). Each case also yielded
a comparable distribution of label-free quantified protein intensities
(Figure 2B). 1347 proteins were quantified in at least four samples
(Supplementary Table 2). This “core” proteome was employed to
determine proteomic differences with regard to short or prolonged PES.
We employed partial least squares discriminant analysis (PLS-DA) as an
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initial step to probe whether PDAC tumor tissues of short or prolonged
PES display distinguishable proteome profiles. Supervised PLS-DA
separated short and prolonged PES, hence supporting our aim to use
quantitative proteomics for their unbiased distinction (Supplementary
Figure 1C).

Further, statistical analysis was performed using linear models for
microarray data (LIMMA) in-built in R (v3.3.1) that has been
successfully employed for similar experiments [30,31,33] and which
is particularly powerful with regard to multiple testing correction and
prevention of false-positive discoveries in the analysis of omics-style
data. As a cutoff to distinguish significantly regulated proteins, we
chose a LIMMA moderated p-value of <0.01. Seven proteins were
up-regulated in the short-PFS subcohort while 11 proteins were up-
regulated in prolonged PFS subcohort as depicted by the volcano plot
(Figure 2C, Table 2). Among the proteins of interest identified as up-
regulated in the short-PFS subcohort is aldehyde dehydrogenase 1
family member Al (ALDHI1Al) and monoamine oxidase A
(MAOA). Quantitation of ALDH1A1 and MAOA was corroborated
by immunohistochemistry on adjacent tissue specimens of same
patients as shown in Figure 2D and Supplementary Figure 1D
respectively. Sufficient material for immunohistochemical staining
was available for only 10 of the 12 samples.

Increased Expression of Actin Cytoskeleton/Cell Adhesion Proteins,
Oxidoreductases and Debydrogenases in the short-PFS Subcobort

Altered protein clusters and interactions in the two patient cohorts
were determined using a lower P (P < .05; two-sided Student # test).
Using this criterion, 77 proteins were found to be differentially altered
between the two patient groups. Proteins were then classified as up-
regulated in either early or late recurrence on the basis of their fold
change values. We used STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins) to visualize the connections and
interactions among the proteins up-regulated in each cohort / to
probe for enriched proteome motives [32]. With a focus on the
connected proteins only following STRING analysis, two distinct
protein groups emerge as up-regulated in the short PES cohort: (1)
actin cytoskeleton/cell adhesion proteins and (2) oxidoreductases and
dehydrogenases (Figure 2E). Four pathways (according to KEGG
nomenclature) were enriched in the early recurrence cohort including
metabolic pathways, glutathione metabolism, tricarboxylic acid
(TCA) cycle, and glycolysis/gluconeogenesis (Table 3). This data
suggests globally elevated metabolic activity in the early recurrence
subcohort. Interestingly, elevated metabolic activity was also a

Figure 2. Proteome profiling of PDAC patients. (A) Bar graph showing the number of proteins quantified in each patient sample. A total of
1878 proteins were quantified in the 12 patient samples. (B) The distribution and mean log 2 LFQ intensities (horizontal line) of quantified
proteins in each patient. (C) Volcano plot showing the altered proteins in the PDAC patient cohort. Moderated t-test p-values were plotted
against the mean protein fold changes per group. Data points in blue show the proteins overexpressed in short PFS group and those in
red show the proteins overexpressed in prolonged PFS cohort. (D) Immunohistochemical corroboration of ALDH1A using representative
tissues of the short PFS and prolonged PFS groups. The immunohistochemical staining shows clear differences in the expression of
ALDH1A1 with more expression observed in the short PFS group than in the prolonged PFS group. Representative images were taken at
x400 magnification. Sufficient material for immunohistochemical staining was available for only 10 of the 12 samples. (E) STRING analysis
of proteins overexpressed in the early recurrence cohort based on P < .05 from LIMMA analysis show an enrichment in actin cytoskeleton
proteins, oxidoreductases, and dehydrogenases. Connections show confidence (line thickness indicating the overall strength of data
supports) and are based on categories “Co-expression”, “Co-occurrence”, “Databases”, “Experiments”, “Gene Fusion”, “Neighborhood”,
and “Textmining” at a medium confidence interval of 0.4. MAOA does not appear in this figure because it is part of the 14 other proteins/
nodes that were not connected to any other protein following STRING analysis. For the purpose of this analysis, we show connected
proteins/nodes only that define the two distinct protein groups. (F) Heat map comparison of proteins expressed in at least 50% of patients
in one group (short PFS) but absent in the other group. This comparison reveals a predominant exocrine-like fingerprint in 3 out of 6
patients in the short PFS cohort (E1, E2, and EB). The scale represents the log 2 values of LFQ intensities of the quantified proteins.
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Table 2. List of Differentially Regulated Proteins as Determined by LIMMA Analysis With 2 < .01.
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Uniprot ID Short PES (Early) Long PFS (Late) Log 2 FC Late/Early P Protein Name

P12277 5 5 -3.41 .0047 Creatine kinase B-type

014558 6 5 -1.99 .0039 Heat shock protein beta-6

P98088 4 3 -1.89 .0069 Mucin-5 AC

P21397 6 6 -1.68 .0038 Monoamine oxidase type A

P36871 5 5 -1.4 .0094 Phosphoglucomutase-1

P00352 6 6 -1.37 .0012 Aldehyde dehydrogenase family 1 member Al
Q9POM6 5 4 -1.08 .0055 Core histone macro-H2A.2

P38606 6 6 0.78 .0098 V-type proton ATPase catalytic subunit A
P61160 6 6 0.87 .0073 Actin-related protein 2

P11413 6 6 0.94 .0092 Glucose-6-phosphate 1-dehydrogenase
P60953 6 6 0.98 .0073 Cell division control protein 42 homolog
060506 5 4 1.05 .0068 Heterogeneous nuclear ribonucleoprotein Q
Q16658 6 6 1.06 .0099 Fascin

060234 6 5 1.25 .0069 Glia maturation factor gamma

P16144 2 4 1.45 .0072 Integrin beta-4

P20292 5 6 1.61 .0004 Arachidonate 5-lipoxygenase-activating protein
P04196 4 2 2.57 .0061 Histidine-rich glycoprotein

Q965Q9 3 2 2.78 .0099 Cytochrome P450 251

Key: 7 proteins including ALDH1AT and MAOA were up-regulated in the short PFS cohort while 11 proteins were up-regulated in the prolonged PFS cohort.

proteome motif of metastasizing prostate cancer (PCa) compared to
non-metastasizing (PCa) [30].

The short-PFS Subcohort Exhibits an Exocrine-Like Proteome
Fingerprint

Upon manual inspection of the differential proteome data, we
noticed that the early recurrence subcohort is characterized by the
abundant expression of several proteins that are associated with
exocrine pancreas function. Examples include trypsin-2, carboxypep-
tidase B, regenerating protein I alpha, and pancreatic alpha-amylase
among others. This proteomic fingerprint was observed for at least
three of the six short PFS cases but only for one case of the prolonged
PES subcohort (Figure 2F, Table 4). The significance of this
observation is limited due to the small sample size of our cohort.
However, an exocrine-like PDAC subtype has been reported in two
independent studies [16,17]. In comparison to the classical PDAC
subtype, exocrine-like PDAC is characterized by shortened overall
survival and elevated resistance to small molecule drugs such as
paclitaxel, erlotinib, and dasatinib [13,17]. The specific response to
adjuvant chemoradiation has however not been assessed in the
aforementioned studies.

We further analyzed the presence of mutated protein and peptide
sequence as previously described [31]. In the short PES subcohort we
observed an average of 24.7 mutated sequences per patient. This
number was slightly lower for the prolonged PFS subcohort (20.8
mutated sequences per patient); however this difference failed to be

significant (P = .43; two-sided Student # test, Supplementary Figure 2,
A and B).

Table 3. List of KEGG Pathways Enriched in the Short PFS Cohort.

KEGG pathways

Pathway description Gene count FDR
Metabolic pathways 9 0.0074
Glutathione metabolism 3 0.0074
Drug metabolism-Cyt P450 3 0.0074
Glycolysis/gluconeogenesis 3 0.0074

MAOA inhibition has a limited sensitizing effect on chemo- or
radiation treatment in vitro

We investigated the role of MAOA inhibition, overexpressed in the
short-PFS  subcohort, in sensitizing PDAC cells to gemcitabine,
radiation or chemoradiation. As an initial step, we established dose—
response curves and ECsq values for 5-fluorouracil (5-FU), gemcitabine,
and radiation (Supplementary Figure 3, D—F). Given the elevated ECs
value of MiaPaCa-2 and Panc 05.04 cells to 5-FU, we decided to use
gemcitabine for further iz vitro assays due to its comparably lower ECsq
profile. We probed MAOA mRNA levels in a total of six established
PDAC cell lines (AsPC-1, BxPC-3, Capan-2, HPAF-II, MiaPaCa-2,
and Panc 05.04). Of these, only HPFAF-II and MiaPaCa-2 showed
substantial MAOA levels and were chosen for further studies.
Substantial MAOA activity was detected in HPAF-II that was inhibited
upon administration of clorgyline (MAOA selective inhibitor) unlike in
MiaPaCa-2 cells (Figure 3B). Clorgyline is an irreversible and specific
inhibitor of MAOA with limited inhibitory effect on MAOB, and has
been extensively used in research to study MAOA biology [39]. The
EC, values of MAOA inhibitor clorgyline in HPAF-IT and MiaPaCa-2
were determined using the MTT assay (Supplementary Figure 34). Pre-
treatment of both cell lines with clorgyline for 48 hours followed by
gemcitabine, radiation or combined chemoradiation (ECsq values)
lowered cell metabolism in HPAF-II cells only (P < .05; two-sided

Table 4. List of Proteins Contributing Towards the Exocrine-Like Fingerprint of the Short PES Cohort.

Uniprot ID Short PFS Long PES Protein name

P05451 4 0 Regenerating protein I alpha

P07478 4 1 Trypsin-2

P16233 3 1 Pancreatic triacylglycerol lipase

QO6GPI1 3 0 Chymotrypsinogen B2

Q06141 4 1 Regenerating islet-derived protein 3-alpha
P15086 4 1 Carboxypeptidase B

P01275 3 2 Glucagon

P19835 4 0 Bile salt-activated lipase

P04746 5 2 Pancreatic alpha-amylase

P09093 3 1 Chymotrypsin-like elastase family member 3A
P48052 3 1 Carboxypeptidase A2

Q99895 3 0 Chymotrypsin-C

Q8NHM4 3 0 Putative trypsin-6

Key: The values represent the number of samples in which a given protein was quantified in each
subcohort (n = 6 for each subcohort).
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Student # test, Figure 3D). No effect was observed in MiaPaCa-2 cells.
Since a reduction in cell metabolism does not necessarily imply
cytotoxicity, we further investigated whether pretreatment of HPAF-II
cells with clorgyline followed by gemcitabine, radiation or chemoradi-
ation augmented cell death. No effect on cell death, quantified by
annexin V/PI staining, was observed in HPAF-II cells despite the
reduced cell metabolism (Figure 3E). Interestingly, while we observed
that MAOA inhibition has a limited sensitizing effect on treatment, the
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mRNA levels increased in a time-dependent manner upon radiation
(Figure 3F).

Inhibition of ALDHIAI Activity Synergistically Sensitizes
PDAC Cells to Chemo-, Radiation- or Chemoradiation
Treatment in vitro

We further focused on ALDH1A1 to probe whether inhibition of the

enzyme, which is overexpressed in the short-PFS cohort might sensitize
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PDAC cells for gemcitabine and/or radiation treatment iz vitro. We
detected expression of ALDH1AL in the two PDAC cell lines MiaPaCa-2
and Panc 05.04 both on the mRNA and protein level (Figure 44). In
both cell lines, we detected substantial levels of ALDH1A1 activity, which
was inhibited using the well-characterized ALDH1A1 inhibitors A37 and
DEAB (Figure 4B). DEAB is a broad spectrum inhibitor of most of the
ALDH family members including ALDHIAL. A37 is an ALDHI1A1
specific inhibitor, a finding demonstrated by its lower normalized residual
activity against ALDH1AL1 than to other ALDH family of enzymes in the
presence of 20 uM A37 [40]. The ECyq values of these inhibitors in
MiaPaCa-2 and Panc 05.04 cells were determined using the MTT assay
(Supplementary Figure 3, B and C). Pre-treatment of MiaPaCa-2 cells
with both ALDHIALI inhibitors followed by gemcitabine, radiation or
combined chemoradiation (ECsq values) lowered cell metabolism
significantly (P < .05; two-sided Student 7 test) (Figure 4C). For Panc
05.04 cells, decreased cell metabolism was observed using the A37
inhibitor only (Figure 4C). The role of ALDHIALI in chemo- and
radioresistance was assessed by quantifying the level of cell death in the
presence of inhibitors. Cells were pretreated with inhibitors for 48 hours
followed by gemcitabine, radiation or chemoradiation. The specific
inhibition of ALDH1A1 activity using A37 augmented cell death in both
cell lines (P < .05; two-sided Student # test) as determined by annexin V/
PI staining, while we observed no effect with the broad spectrum inhibitor
DEAB (Figure 4D). The co-efficient of drug interaction (CDI) upon
treatment with A37 in combination with gemcitabine, radiation, and
chemoradiation was calculated to determine whether the effect observed
was synergistic or additive. We used the formula CDI = AB/(A x B), with
A or B as the individual treatment, AB the combined treatment, and CDI
value >1, =1, or <1 show that the drugs are antagonistic, additive or
synergistic respectively [41]. The specific inhibition of ALDH1A1 with
A37 followed by gemcitabine, radiation, or chemoradiation indicated a
synergistic effect as the CDI value is less than 0.7 (Table 5).

Inhibition of ALDHIAI in a 3D Assay Sensitizes MiaPaCa-2
Cells to Radiation Therapy

For 3D assays, only MiaPaCa-2 cells were used as Panc 05.04 did
not form cell aggregates under conical agarose microwell array
(CAMA) conditions. This method allows for monitoring of dose-
dependent effects of combinatorial treatments using cell aggregate
volumes as the read out [37]. The presence of A37 alone at higher
concentrations (20 uM and 40 pM) lowers cell aggregate volume. In
combination with radiation, a further decrease in cell aggregate
volumes is observed (Figure 4E). These findings support a role of
ALDHIALI in both chemo- and radioresistance.

ALDH1AT1 linked to PDAC chemoradiation resistance
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ALDHIA1 Expression Silencing Reduces Cell Growth, Proliferation
and Clonogenic Capacity

To further investigate a putative role of ALDHIAI in chemo/
radiation resistance and/or recurrence, we silenced ALDHI1Al
expression by shRNA in PDAC cells (Figure 54). We investigated
cell proliferation (BrdU incorporation), metabolic activity (MTT
assay), and clonogenic capacity (Figure 5, B-D). All three cellular
characteristics were attenuated by ALDH1A1 expression silencing.

ALDHIAI Expression Silencing Sensitizes PDAC Cells to
Gemcitabine, Radiation, and Chemoradiation in vitro

Cells with ALDH1A1 expression silencing or corresponding controls
were subjected to either gemcitabine, radiation or combined chemo-
radiation (ECsq values) treatment iz vitro for 72 hours. Cell death/
cytotoxicity was quantified viz annexin V/PI staining. Expression
silencing of ALDH1ALI in MiaPaCa-2 cells led to increased cell death
following treatment with gemcitabine, radiation, and combined
chemoradiation (Figure 5E). For Panc 05.04 cells, increased cell
death was observed under gemcitabine treatment only (Figure 5F).
However, unlike for MiaPaCa-2 cells, combined chemoradiation did
not lead to elevated cell death rates in Panc 05.04 cells as compared to
gemcitabine or radiation alone. These results, at least for MiaPaCa-2
cells, complement the effects observed using the specific ALDH1AI
inhibitor (A37) suggesting specific rather than off-target effects of this
inhibitor. The strong combinatorial effect of chemoradiation on
MiaPaCa-2 cells can be attributed to their faster proliferation as
compared to Panc 05.04 cells (Figure 5G). This possibly renders these
cells sensitive to DNA damaging agents such as gemcitabine and
radiation. We consider it likely that the mild effect observed in Panc
05.04 cells is associated with their slower proliferation, which would
limit the impact of DNA damaging agents.

ALDHIAI Expression Silencing has no Effect on ROS Levels,
DNA Damage and Glutathione Metabolism

We hypothesized that ALDH1A1 drives chemoradiation resistance
in PDAC cells, especially in MiaPaCa-2, by quenching ROS thereby
limiting DNA damage and cell death. Therefore, ALDHI1AI
expression silencing should lead to ROS accumulation with
concomitantly enhanced DNA damage and cell death. Quantification
of absolute ROS levels showed no difference between shControl and
shALDHI1A1 in both cell lines (Figure 64). In addition, absolute
quantification of pH2A.X (Ser139), a marker for DNA damage after
irradiation, showed no differences in the phosphorylation levels of
this histone marker upon ALDHI1A1 expression silencing at 0.5 and

Figure 4. Inhibition of ALDH1A1 activity reduces cell viability and sensitizes PDAC cells to chemoradiation treatment. (A) Relative mRNA
and protein expression of ALDH1A1 in PDAC cells HPAF-II, MiaPaCa-2, and Panc 05.04 cells. (B) Flow cytometry measurement of
ALDH1A1 activity in MiaPaCa-2 and Panc 05.04 cells following treatment with ALDH1A1 inhibitors. DEAB treated cells served as negative
controls and were used to set the FACS gate. (C) Inhibition of ALDH1A1 for 48 hours using A37 and DEAB (EC, values) followed by
gemcitabine (1 uM for MiaPaCa-2 and 0.25 uM for Panc 05.04), radiation (10 Gy), and chemoradiation for a further 72 hours reduced cell
viability. Cell viability was confirmed using MTT assay. (D) Inhibition of ALDH1A1 for 48 hours using A37 and DEAB (EC,q values) followed
by gemcitabine, radiation, and chemoradiation augmented cell death. Cell death was confirmed using annexin V/PI staining. For Panc
05.04, inhibition with DEAB had no effect on viability or cell death. Data represents mean = SD of three independent experiments.
Statistical significance was determined using a two-sided Student ¢ test with P < .05 (*), P < .01 (**), P<.001 (***), and P <.0007 (****)
against cells treated with gemcitabine, radiation or chemoradiation only. (E) Combined A37 and radiotherapy treatment of MiaPaCa-2 cell
aggregates shows a reduction in volume of the cell aggregates at higher doses of the inhibitor. A scatter plot analysis with means = SD
(blue spots: inhibitor treatment only, red spots: A37 + radiation treatment). The bars represent mean of at least 175 replicates per
condition. Statistical comparison was done between radiation treatment only vs radiation and A37 treatment using a two-sided Student ¢
test with P <.0001 (****). A representative of each of the experimental conditions is shown in the corresponding CAMA scans.
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Table 5. The Co-Efficient of Drug Interactions (CDI) in MiaPaCa-2 and Panc 05.04 Upon
Treatment With ALDHI1AI Specific Inhibitor (A37), in Combination With Gemcitabine,
Radiation, and Chemoradiation.

Co-efficient of drug interactions

MiaPaCa-2

Treatment A37 A37 + Gem A37 + Rad  A37 + GR CDI
A37 18.22 + 0.35

Gem 30.94 + 0.87 39.99 + 0.76 0.07094
Rad 40.49 + 1.27 44,27 + 0.91 0.06001
GR 56.08 £ 1.19 6922+ 1.38 006774
Panc 05.04

Treatment A37 A37 + Gem A37 + Rad  A37 + GR CDI
A37 05.68 + 0.16

Gem 26.69 £ 3.67 40.53 = 3.01 0.26735
Rad 24.99 + 2.34 32.37 £ 1.26 0.22805
GR 29.47 +0.77 36.86 £ 2.06 0.22021
MiaPaCa-2 3D culture

A37 (pM) Vol. (um®  Rad (Gy) Vol. (um®  CDI

0 137,776,090 8.5 31,224,455

10 142,544,081 8.5 27,296,987  6.133E-09

20 101,913,975 8.5 17,333,234 5.449E-09

40 58,002,988 8.5 5,128,585 2.837E-09
Calculations

CDI = Survival AB/(Survival A x Survival B).
CDI <1, = 1 or >1 indicates that the drugs are synergistic, additive or antagonistic, respectively.

CDI <0.7 indicates that the drug is significantly synergistic.

2 hours after irradiation (Figure 6B). These results suggest that the
observed ALDHIA1 mediated CRT resistance is independent of
ROS production and DNA damage. A link to DNA damage biology
remains to be established.

Next we investigated whether silencing ALDH1A1 in PDAC cells
affected the cellular oxidative stress levels through impaired oxidized
and reduced thiol pools involved in glutathione metabolism. Using an
LC-ESI-MS/MS system we analyzed different levels of both oxidized
and reduced glutathione, cysteine and homocysteine pools in both
MiaPaCa-2 and Panc 05.04 cell lines. Although there are strong cell
type specific differences with regard to glutathione metabolism,
expression silencing of ALDH1A1 did not significantly impact the
reduced free thiol pool, oxidized free thiol pool, the oxidized plus
protein-bound thiol pool, and the GSH/GSSG ratio (a measure of
cellular oxidative stress) (Figure 6, C-F). These results show that
expression silencing of ALDHIAIL has no impact on the cellular
oxidative stress system. In summary, we probed a number of potential
pathways viz which ALDH1A1 may drive radiation resistance. These
hypotheses were falsified, hence suggesting alternative mechanisms.

Discussion

Despite an aggressive treatment regimen involving radical surgical
resection, tumor recurrence is virtually universal in PDAC patients.
Local recurrence occurs in about 35-86% of patients following
surgical resection with adjuvant therapy and contributes significantly
to PDAC mortality [4-7,42]. Therefore, recurrence is a hallmark of
therapy resistance leading to more aggressive tumors. Multiple studies
have aimed at the molecular profiling and classification of PDAC
[14-16,43-46]. Despite these efforts, molecular (e.g.. genome,
transcriptome or proteome) profiles associated with short or
prolonged PFS upon adjuvant chemoradiation have so far remained
outside the focus of these studies. To our knowledge, we present one
of the first studies aiming to distinguish the proteome biology of
localized PDAC with short or prolonged PES upon additive
chemoradiation. Although adjuvant chemotherapy for PDAC
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following resection remains the most actively researched topic, a
number of clinical studies are also focusing on adjuvant chemoradi-
ation (as opposed to chemotherapy alone) in order to improve patient
management [12,47,48]. The short PFS tumors presented increased
expression of actin cytoskeleton and cell adhesion proteins together
with an overexpression of oxidoreductases and dehydrogenases.
Furthermore, four out of six patients in the short PES group exhibited
an exocrine-like phenotype characterized by the expression of tumor
cell-derived digestive enzyme genes. Exocrine-like PDAC has been
shown to be resistant to a number of existing chemotherapies
contributing to its poor prognosis [13,17,49]. A combination of two
or more of these factors could possibly contribute to chemoradiation
resistance leading tumor recurrence.

This study identified ALDHIAIL as one of the proteins up-
regulated in the short PES cohort out of the seven ALDH family
members quantified via LC-MS/MS (Supplementary Table 4).
ALDHIA1 has been implicated in cancer therapy resistance in
various studies [50-56]. ALDHIALI is a cytosolic enzyme and a
member of the ALDH family of enzymes. It catalyzes the intracellular
oxidation of different aldehydes, possesses antioxidant activity, is a
key player in retinoic acid signaling, and used as a marker to identify
various types of cancer stem cells [50,52,55,56]. Expression studies
for ALDHIALI in cohorts of lung cancer and esophageal cancer have
shown correlation between ALDHI1A1 expression and shortened
recurrence-free survival or chemoradiation resistance, respectively
[57-59]. In both cases, data of The Cancer Genome Atlas (TCGA)
suggests a lack of correlation between ALDHIA1 expression and
overall survival. However, TCGA provides a rather global expression
survey without a specific focus on recurrence-free survival or
chemoradiation resistance. Additional analysis of non-TCGA data
sets from the International Cancer Genome Consortium (ICGC),
some of which are accessible via the PROGgeneV2 online resource,
revealed no correlation between ALDHIAL expression and overall
survival of PDAC [60]. It has been suggested that neoadjuvant
chemoradiation of PDAC enriches for a subpopulation of aldehyde
dehydrogenase expressing cells that are resistant to this treatment
[61]. There are diverse reports regarding the association between
ALDHIAL1 expression in pancreatic cancer and overall survival
[56-59]. Kim et al. demonstrated both 77 vitro and in vive that high
ALDH expressing human PDAC-derived cells were important in the
mediating resistance towards different therapies [61]. Duong et al.
reported that ALDHIA] contributes to gemcitabine resistance in
MiaPaCa-2 cells, a finding that corroborates our experimental results
[62]. Further investigations on DNA damage levels, ROS levels, and
cellular oxidative stress system revealed that ALDH1AT1 silencing has
no impact on these pathways (Figure 6, A—F). These results suggest
that ALDHI1Al mediated chemoradiation resistance might be
occurring through a pathway that is not clear at this point and
warrants further investigation.

Conclusion

In summary we present an initial study towards an improved
understanding of adjuvant therapy responsiveness (and lack thereof)
in pancreatic cancer. Our results reemphasize an interest in the role of
ALDHIALI in pancreatic cancer biology. Since our small-scale study
successfully identified proteome differences between the short and
prolonged PFS subcohorts, we envisage the possibility that a similar
large-scale study, also including further multimodal therapy regimens,
might pave the way towards the establishment of tumor-specific
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proteome profiles that potentially identify patients that are likely to
benefit from individualized therapy.

Supplementary data to this article can be found online at heeps://
doi.org/10.1016/j.tranon.2018.08.001.
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