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In Brief
For pancreatic cancer (PDAC)
patients, gemcitabine resistance
(GemR) represents a major
clinical problem. Global
quantitative differential proteomic
analysis of highly GemR PDAC
cells developed from relatively
Gem-sensitive PDAC cell lines
identified multiple networks
within the thousands of
quantified proteins that support
adaptation to Gem-induced
stress, and reveal the complexity
of GemR. Drug metabolism
pathways were key contributors
to GemR, and expression
changes in Gem-metabolizing
enzymes suggest both their
influence upon Gem
responsiveness, and drug-
targetable vulnerabilities to
improve clinical Gem efficacy.
Highlights

• Pancreatic adenocarcinoma cell lines 75× more resistant to gemcitabine (Gem) than parental cells

were developed

• RRM1 and S100A4 were the most upregulated and downregulated proteins in GemR cells

• The predominantly altered GemR cell proteins were associated with cancer metabolism

• GemR cell alterations in Gem metabolism would reduce Gem activation/utilization

• Temporal responses to Gem suggested dynamic, adaptive drug resistance mechanisms
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RESEARCH
Comparative Proteomic Analysis Identifies Key
Metabolic Regulators of Gemcitabine
Resistance in Pancreatic Cancer
Qingxiang Lin1,2,3 , Shichen Shen2,3, Zhicheng Qian2, Sailee S. Rasam3,4,
Andrea Serratore2 , William J. Jusko2 , Eugene S. Kandel1 , Jun Qu1,2,3,4,*, and
Robert M. Straubinger1,2,3,5,*
Pancreatic adenocarcinoma (PDAC) is highly refractory to
treatment. Standard-of-care gemcitabine (Gem) provides
only modest survival benefits, and development of Gem
resistance (GemR) compromises its efficacy. Highly GemR
clones of Gem-sensitive MIAPaCa-2 cells were developed
to investigate the molecular mechanisms of GemR and
implemented global quantitative differential proteomics
analysis with a comprehensive, reproducible ion-current–
based MS1 workflow to quantify ~6000 proteins in all
samples. In GemR clone MIA-GR8, cellular metabolism,
proliferation, migration, and ‘drug response’ mechanisms
were the predominant biological processes altered,
consistent with cell phenotypic alterations in cell cycle
and motility. S100 calcium binding protein A4 was the
most downregulated protein, as were proteins associated
with glycolytic and oxidative energy production. Both re-
sponses would reduce tumor proliferation. Upregulation of
mesenchymal markers was prominent, and cellular inva-
siveness increased. Key enzymes in Gem metabolism
pathways were altered such that intracellular utilization of
Gem would decrease. Ribonucleoside-diphosphate
reductase large subunit was the most elevated Gem
metabolizing protein, supporting its critical role in GemR.
Lower Ribonucleoside-diphosphate reductase large sub-
unit expression is associated with better clinical outcomes
in PDAC, and its downregulation paralleled reduced
MIAPaCa-2 proliferation and migration and increased
Gem sensitivity. Temporal protein-level Gem responses of
MIAPaCa-2 versus GemR cell lines (intrinsically GemR
PANC-1 and acquired GemR MIA-GR8) implicate adaptive
changes in cellular response systems for cell proliferation
and drug transport and metabolism, which reduce cyto-
toxic Gem metabolites, in DNA repair, and additional re-
sponses, as key contributors to the complexity of GemR in
PDAC. These findings additionally suggest targetable
therapeutic vulnerabilities for GemR PDAC patients.
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Pancreatic adenocarcinoma (PDAC) is the fourth leading
cause of cancer death in the United States, with a median
overall survival of 5.8 months and 5-years survival of 8% (1). It
is projected to become the second most common cause of
cancer death by 2040 (2). Because of advanced disease and
metastases at diagnosis, approximately 85% of patients are
not candidates for surgery, providing them limited treatment
options. Gemcitabine (Gem) is standard-of-care but provides
only a modest survival benefit (6.7 months; (3, 4)), because
PDAC tumors are either intrinsically resistant to Gem or
become Gem-resistant during therapy.
Gem resistance (GemR) arises from multiple factors. Dense

desmoplastic stroma is a characteristic of PDACandpresents a
physical barrier to drug delivery. The tumor microenvironment
also promotes a drug-resistant phenotype (5–7). In addition,
Gem exposure activates various survival pathways, including
MAPK, NF-κB, heat shock proteins, fatty acid and sphingolipid
metabolism, and pyruvate metabolism (8). Greater expression
of downstream epithelial–mesenchymal transition (EMT) bio-
markers, which is typically associated with metastatic pheno-
types, correlates positively with GemR (9–12). Phenotypic and
genetic adaptations can also reduce Gem cellular uptake and
metabolism. Gem uptake utilizes several nucleoside trans-
porters that impact tumor response, including the equilibrative
nucleotide transporter 1 (ENT1, SLC29A1) (13). Increased ENT1
expression or activity is a predictive clinical marker for better
Gem responses (14), underscoring its key role in modulating
Gem sensitivity. Extracellular deamination of Gem by cytidine
deaminase (CDA) transforms Gem into inactive difluorodeox-
yuridine (dFdU), which is rapidly cleared (15). The dynamics of
numerous nucleoside-related enzymatic systems control the
concentrations of Gem metabolic products, thereby impacting
Gem efficacy.
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Differential Proteomics Reveals Metabolic Regulators of GemR
Once taken up by cells, Gem is phosphorylated to its active
diphosphate and triphosphate derivatives, including Gem
diphosphate (dFdCDP) and Gem triphosphate (dFdCTP), by
deoxycytidine kinase (DCK), the rate-limiting enzyme in intra-
cellular Gem metabolism. During this process, 5′-nucleotidase
(NT5C) and deoxycytidylate deaminase (DCTD) can inactivate
Gem monophosphate (dFdCMP). Cytidine monophosphate
kinase 1 (CMPK1) and nucleoside diphosphate kinase 1 (NDK1)
sequentially convert Gem monophosphate into dFdCDP and
dFdCTP. A molecular competition exists between dCTP and
Gem metabolite dFdCTP as nucleotide sources for DNA syn-
thesis. Ribonucleotide reductase (RNR) complex, consisting of
ribonucleoside-diphosphate reductase large subunit (RRM1),
ribonucleoside-diphosphate reductase subunit M2 (RRM2),
and ribonucleotide-diphosphate reductase subunit M2 B
(RRM2B), maintains the deoxyribonucleotide triphosphate
(dNTP) pools (16). Upregulation of the RRM1also contributes to
GemR (17), and high RRM1 expression is associated with poor
Gem responses in lung cancer patients (18, 19).
To maximize efficacy of Gem-based therapies and over-

come GemR, additional agents such as nab-paclitaxel have
been integrated empirically into the standard-of-care (4, 20).
However, addition of nab-paclitaxel (Abraxane) to Gem in-
creases median overall survival from 6.7 to 8.5 months (4).
Thus, deciphering the molecular mechanisms of GemR is
essential for developing more efficacious therapies for GemR
PDAC.
Because alterations in the expression of effector protein

systems modulate GemR, quantitative, differential proteomic
analysis represents a powerful tool for investigating global,
drug-mediated protein changes. Proteomic analysis holds
significant advantages over transcriptomic analysis by cir-
cumventing the frequent nonconcordance between mRNA
and protein expression. Previous studies employing compar-
ative proteomic analysis to investigate GemR (21–25) were
limited by the small numbers of proteins that 2D-DIGE/MALDI-
TOF mass spectrometry could analyze (26). Here, we utilized
global quantitative proteomic analysis to compare the differ-
entially-expressed proteins in parental Gem-sensitive versus
Gem-resistant cells. We employed IonStar, an MS1-based
proteomics workflow that affords advantages over traditional
MS1-based and label-based methods (27–29). It achieves
excellent depth of coverage (6000–8000 proteins quantified in
every sample), high quantitative accuracy without the cost of
isobaric mass tags, an extremely low rate of missing data, and
a stringent, low false-positive discovery rate (FDR) of signifi-
cantly altered proteins (27). IonStar permits reproducible and
well-controlled quantification of a large number of samples in
a single batch, allowing temporal analysis of differential pro-
tein expression, and the ability of quantify small changes in
protein abundance with high sensitivity and accuracy. We
employed this proteomics workflow to investigate the global,
proteome-level differences between Gem-sensitive and GemR
PDAC cells, as well as their responses to Gem exposure, with
2 Mol Cell Proteomics (2022) 21(10) 100409
a particular focus on protein changes in adaptive cellular
response systems. This approach can provide insights into
the production rate of cytotoxic Gem metabolites, inform as to
additional cell response mechanisms to Gem treatment, and
suggest strategies for the modulation of Gem metabolism to
combat the resilience of this highly fatal cancer.
EXPERIMENTAL PROCEDURES

Reagents

Gem-HCl was purchased from LC Laboratories. Stock solutions of
1 mM were prepared in dimethyl sulfoxide (DMSO, Sigma-Aldrich) for
in vitro assays and was dissolved in saline for in vivo studies.

Primary antibodies for the following proteins were obtained from the
Cell Signaling Technology, and the working dilution used were RRM1
(#8637, 1:2000), Zeb1 (#3396, 1:1000), N-Cadherin (#13116, 1:600),
Snail (#3879, 1:1000), Slug (#9585, 1:1000), Vimentin (#5741, 1:2000),
cleaved-Caspase-3 (#9664, 1:800), and β-actin (#3700, 1:2000).
Secondary anti-rabbit (#7074, 1:1000) and anti-mouse (#7076, 1:1000)
antibodies were also obtained from Cell Signaling Technology.

Cell Lines and Cell Culture

The human PDAC cell lines MIAPaCa-2 and PANC-1 were pur-
chased from American Type Culture Collection. All cells were cultured
in Dulbecco's modified Eagle's medium (DMEM) (Cellgro) supple-
mented with 10% (v/v) fetal bovine serum (Cellgro; complete DMEM).
Cell line identity was confirmed by short tandem repeat analysis at the
Roswell Park Genomics Core.

Generation of GemR Cell Lines–GemR cell lines were derived from
MIAPaCa-2 cells by continuous exposure to increasing concentra-
tions of Gem for 9 months, starting at 50 nM and escalating once
surviving cells grew for approximately a week. Single-cell clones were
then selected, and escalation of the drug concentration was termi-
nated when cell proliferation/survival dropped below <20 to 50%. Nine
stable GemR clones were able to grow in 1 μM Gem (#1, #2, #3, #4,
#8, #9, #18, #20, #21). GemR clone #8 (MIA-GR8) was able to grow in
3 μM Gem.

Cell Growth Inhibition Assay

Cells were seeded in 6-well plates at 1.5 × 105/well in 2 ml complete
DMEM, and triplicate wells were exposed to various concentrations of
Gem diluted from a stock in DMSO. Vehicle experimental controls
contained DMSO at a concentration equal to the amount present in
wells having the highest Gem concentration. After 3 days’ exposure,
attached cells were trypsinized, harvested, and counted using a
Coulter Counter (Model Z2; Beckman Coulter). Each experimental
group (control and treatment) was comprised of three biological rep-
licates, and three technical replicates were performed.

Mathematical Modeling of Cell Responses to Gem Treatment

Concentration-response curves were obtained by cell counting for
both MIAPaCa-2 and MIA-GR8 cells exposed to various concentra-
tions of Gem for 72 h. The IC50 was determined by fitting the
concentration–response data using the inhibitory Hill function:

Rd =R0 d ⋅ (1− Imax d ⋅ Cγd
d

ICγd
50 d + cγdd

)

where Rd is the total number of attached cells, R0_d is cell number
on Day 3 in the absence of drug exposure, Imax_d is the maximum



Differential Proteomics Reveals Metabolic Regulators of GemR
cell growth inhibition of Gem, IC50_d is the concentration medi-
ating half-maximal growth inhibitory effects of Gem exposure,
γd is the Hill coefficient, and d refers to either MIAPaCa-2 or MIA-
GR8 cells. ADAPT5 software (Biomedical Simulations Resource,
University of South California, Los Angeles) was used for model
fitting and parameter estimation. The computational code is
provided Supporting Information and (17). Model fitting was
analyzed using visual inspection of fitting, goodness-of-fit, the
sum of squared residuals, the Akaike information criterion, and the
coefficients of variance of the estimated parameters.

Cell Proliferation Assay

Cells were seeded in sextuplicate wells in 96-well plates at 2 ×
103 cells/well and treated with a range of drug concentrations for 72 h.
A modified MTS (dimethylthiazol tetrazolium salt) assay was used to
evaluate cell proliferation (Aqueous One Solution; Promega). The MTS
metabolite was quantified by absorption at 490 nm using a microplate
spectrophotometer. Each experimental group (control and treatment)
was comprised of six biological replicates, and three technical repli-
cates were performed.

In Vitro Migration Assay

Cells (2 × 103) in serum-free medium containing vehicle or Gem
were seeded in triplicate in the upper chambers of Transwell plates
(Corning Life Sciences), and the lower wells contained complete
medium with or without drugs. After 12 h, migrating cells in the upper
chambers were fixed with 5% paraformaldehyde and stained with
0.1% crystal violet (Sigma-Aldrich), and the number of migrating cells
was quantified manually from images (n = 9 fields per well) acquired
using a microscope.

Western Blot Analysis

Cells were harvested using RIPA buffer containing Halt protease
and phosphatase inhibitor cocktails (Thermo Scientific Inc) and vor-
texed multiple times on ice. The sample supernatant was collected
after centrifuging (220g for 20 min, 4 ◦C), and the protein concentra-
tion was quantified by BCA assay. An equivalent amount of protein
from each sample was loaded on 4 to 15% Tris-Bis gradient gels
(Invitrogen) and transferred to PVDF membranes after electrophoretic
separation. Membranes were blocked with 5% BSA (Fisher Scientific
Inc) in PBS (Dulbecco's PBS) containing 0.1% Tween20. After incu-
bation with the primary and secondary antibodies (Reagents, above),
the luminescence signal from the membranes was acquired using an
ECL substrate kit (Thermo Scientific) and scanned using a ChemiDoc
MP gel imaging system (Bio-Rad).

Lentivirus-Based shRNA Knockdown Assay

The RNA interference reagents were obtained from the Genomics
Shared Resource of Roswell Park Comprehensive Cancer Center.

The two anti-sequences targeting RRM1 were:
shRRM1#1: TGCTGTTGACAGTGAGCGCGGCCAAGTCAACATT

GGATATTAGTGAAGCCAC AGATGTAATATCCAATGTTGACTTGGCCA
TGCCTACTGCCTCGGA

shRRM1#2: TGCTGTTGACAGTGAGCGCGCAGATCTTTGAAACTA
TTTATAGTGAAGCCACAGATGTATAAATAGTTTCAAAGATCTG CTT
GCCTACTGCCTCGGA

The scrambled control sequence was:
TGCTGTTGACAGTGAGCGATCTCGCTTGGGCGAGAGTAAGTAGT

GAAGCCACAGAT GTACTTACTCTCGCCCAAGCGAGAGTGCCTACT
GCCTCGGA

The lentivirus packaging plasmids PMD2G and psPAX2 and lenti-
virus expression plasmid (pLKO.1) containing the RRM1 targeting
sequence and a selectable puromycin resistance gene were mixed
and transduced into HEK 293T cells using a LipoD293 transfection kit
(Invitrogen) per the manufacturer’s protocol. The culture medium was
replaced with fresh medium 12 h after transfection. Forty-eight hours
later, the lentivirus-containing medium was collected, filtered, and
added to medium mixed with 10 μg/ml polybrene (Sigma-Aldrich).
MIAPaCa-2 cells were incubated with the lentivirus for 24 h. One μg/ml
puromycin (Sigma-Aldrich) was added after 48 h, and cells were
incubated of 1 week to select for stable construct integration. Sur-
viving cells were then amplified, and protein expression was evaluated
using Western blots.

Cell Cycle Analysis

Cell samples suspended in PBS were fixed with 70% cold ethanol
and stored at −20 ◦C for a maximum of 1 week. For analysis, the cells
were collected by centrifugation (220g for 20 min at 4 ◦C), the su-
pernatant was removed, and the cells were washed three times with
staining buffer (BD Pharmingen). The cells were stained with propi-
dium iodide–containing RNase (BD Pharmingen) for 30 min at room
temperature and analyzed by flow cytometry (FACSCalibur; Becton
Dickinson) to quantify DNA content based upon propidium iodide in-
tensity. Cell cycle distribution data were analyzed using ModFit LT 4.0
software (Verity Software) to determine the fractions of the cells in G0/
G1, S, and G2/M phases. Each experimental group (control and
treatment) was comprised of three biological replicates, and two
technical replicates were performed.

Seahorse Metabolic Assay

Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) were measured using an XF96 Extracellular Flux Analyzer
(Seahorse Bioscience) (30). MIAPaCa-2 and MIA-GR8 cells were
seeded in triplicate at 1.5 × 103 cells/well in XFe96 plates (Seahorse
Bioscience), incubated for 24 h in a humidified, 37 ◦C incubator with
5% CO2, washed three times with Seahorse assay media (Seahorse
Bioscience) using the XF Prep Station, and incubated at 37 ◦C without
CO2 for 45 min prior to metabolic analysis. The mitochondrial stress
test was performed in XF Base Medium containing 10 mM glucose,
1 mM sodium pyruvate, and 2 mM L-glutamine, and the following
inhibitors were added at the final concentrations: oligomycin (2 μM),
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (0.5 μM), and
rotenone/antimycin A (0.5 μM each). The glycolytic stress test was
performed in XF Base Medium containing L-glutamine (2 mM), glucose
(10 mM), oligomycin (2 μM), and 2-deoxy-glycose (2-DG) (50 mM).
After the Seahorse media were removed, cells were washed twice with
PBS, lysed in RIPA buffer containing protease and phosphatase in-
hibitors as above, and the protein concentration was quantified by
BCA assay to permit normalization of the OCR and ECAR values. Each
experimental group (control and treatment) was comprised of three
biological replicates, and two technical replicates were performed.

Sample Preparation for Mass Spectrometry

For comparative proteomic analysis, monolayer cultures of
MIAPaCa-2 or MIA-GR8 cells at 90 to 100% cell confluency were
resuspended, a sample was harvested (0 h), and then 106 cells were
seeded in 10-cm dishes, with three biological replicates for each
control and treatment group. A second set of triplicate samples were
harvested at near-confluence, 96 h later. The samples taken at 0 h and
96 h were harvested using ACCUTASE (EMD Millipore), washed three
times with cold PBS by centrifugation (220g for 20 min, 4 ◦C), sus-
pended in RIPA lysis buffer containing protease and phosphatase
inhibitors (as above), and stored at −80 ◦C until analysis using the
IonStar proteomics workflow described previously (supplemental
Fig. S2; (27, 28)). Two independent experiments (technical
Mol Cell Proteomics (2022) 21(10) 100409 3
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replicates) were performed, resulting in two datasets (Dataset_1 and
Dataset_2; see Data Availability, below).

For proteomic analysis of Gem treatment responses, triplicate
monolayer cultures of PANC-1 cells (three biological replicates for
each control and treatment group, one technical replicate) were
treated with 20 nM Gem over 0 to 72 h (31). In a second experiment,
triplicate MIAPaCa-2 and MIA-GR8 cells (three biological replicates for
each control and treatment group for each cell line, two technical
replicates) were exposed to Gem concentrations that were near-IC50

(7.5 nM), or high (1 μM) for 0 to 96 h. At defined intervals, the
monolayer cells were trypsinized and combined with any detached
cells in the culture supernatant by centrifugation (220g for 20 min, 4
◦C). The cells were then washed by centrifugation (220g for 20 min, 4
◦C) with cold PBS 3 times. The cell pellet was suspended in RIPA
buffer containing protease and phosphatase inhibitors, followed by
vortex mixing 3 times on ice. The cell lysates were then centrifuged
(20,000g for 15 min, 4 ◦C), and the supernatant was collected. Protein
concentrations were quantified by BCA assay, and the samples were
then subjected to IonStar proteomic analysis (supplemental Fig. S2).

Surfactant-Aided Extraction, Precipitation, and On-Pellet
Digestion

A surfactant-aided extraction/precipitation/on-pellet digestion
(SEPOD) method was used for sample preparation (32). Pelleted cells
were lysed in a cold buffered surfactant cocktail (RIPA lysis buffer
containing cOmplete protease and PhosSTOP phosphatase inhibitors;
Roche Applied Science), homogenized and sonicated on ice, and then
clarified by centrifugation (20,000g at 4 ◦C for 30 min). Protein con-
centrations were quantified, and proteolytic digestion, reduction, and
alkylation were carried out. Briefly, the denatured proteins were
precipitated with cold acetone and collected by centrifugation. The
protein pellets were rinsed with methanol, air-dried briefly, rehydrated,
and digested with a proteomics-grade trypsin (Sigma-Aldrich), which
specifically cleaves after K/R but not before P. The supernatants were
then clarified by centrifugation and analyzed using the IonStar prote-
omics workflow (supplemental Fig. S2; (28, 29)).

Experimental Data Analysis

LC-MS raw files were searched against the Human Uniprot data-
base (https://www.uniprot.org/proteomes, downloaded 11/03/2016)
using the MS-GF+ search engine (version 10089, released July 16,
2013); 20,121 protein entries for the combined MIAPaCa-2 and MIA-
R8 datasets or 20,371 for the PANC-1 dataset were searched (31).
The search parameters included precursor ion mass tolerance of
20 ppm [Q Exactive (MS-GF+)], a maximum of two missed cleavages
per peptide, and fixed modification of carbamidomethylation on
cysteine and dynamic modifications of methionine oxidation and
acetylation of N-terminal lysine. Peptide-spectrum match (PSM)
filtering, protein inference/grouping, and global FDR control were
accomplished using IDPicker (33). The PSM level FDR was controlled
to 0.0295% using a Q-value threshold of 0.17%. The protein and
peptide FDRs were controlled to <1% and <0.5%, respectively, with a
required minimum of two unique peptides identified per protein. The
filtered PSM list was generated by IonStarSPG.R, which is available at
https://github.com/shichens1989.

Two mass spectrometry proteomics datasets are deposited at the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifiers PXD030861 (dataset of MIAPaCa-2 cell re-
sponses to Gem) and PXD030859 (dataset of MIA-R8 cell responses
to Gem, with a comparative proteomic analysis of MIA-GR8 and
MIAPaCa-2). Detailed information of protein identification (accession #
in the Human Uniprot database, # of distinct peptides, and %
coverage of each protein) and quantification is available in
supplemental Tables S4, S5, S7, S8, S10 and S11. Peptide and
4 Mol Cell Proteomics (2022) 21(10) 100409
protein identification information is provided in supplemental
Tables S6, S9 and S12.

Experimental Design and Statistical Rationale for Mass
Spectrometry Experiments

Appropriate sample sizes and control numbers for each proteomic
experiment were determined by statistical power analysis and are
described for each individual experimental component. The number of
replicates acquired, including biological and technical replicates, and
statistical methods used for analysis are described. Controls are all
negative controls and consisted of cells that were exposed to drug-
free media containing DMSO at a concentration that was equal to
the highest concentration present in the drug-containing media. Re-
sults are shown as mean ± standard deviation. Two-sided student
tests were performed, and p values <0.05 were considered statistically
significant. The fold change in protein expression of MIA-GR8 cells at
each time point was normalized to the expression of the same protein
in parental MIAPaCa-2 cells at the same time point. Groups were
compared using a two-sided, unpaired Student’s t test. Relative ratios
of protein expression exhibiting log2 fold change >0.5 and p values
<0.05 were considered statistically significant. Comparison of survival
curves for different treatment groups was performed using Kaplan–
Meier analysis as implemented in Prism GraphPad v.8.

Reliability of Quantification Measurements

IonStar typically achieves 5~10% intragroup coefficients of varia-
tion between technical replicates of cell/tissue samples, and sys-
tematic variability was evaluated using an experimental null
distribution (34). At least three biological replicates were included for
control and treatment groups, and standard deviation was used to
describe the variability among biological replicates. Groups were
compared using a two-sided, unpaired student’s t test. Relative ratios
of protein expression exhibiting log2 fold change >0.5 and p values
<0.05 were considered statistically significant.

Establishment of Tumors and in Vivo Pharmacodynamic
Responses to Gem

All procedures involving animals were approved in advance by the
Institutional Animal Care and Use Committees of the Roswell Park
Comprehensive Cancer Center (Buffalo, NY) and the University at
Buffalo, State University of New York.

Tumor Establishment and Propagation–MIAPaCa-2 tumors were
established by sc injection of 5 × 106 MIAPaCa-2 cells in 1:1 serum-
free DMEM:Matrigel (Corning Life Sciences) into the flank of C.B-
Igh-1b/IcrTac-Prkdcscid SCID mice obtained from a colony maintained
at Roswell Park and housed under pathogen-free conditions. GemR
MIA-GR8 tumors were established by sc injection of 107 MIA-GR8
cells in PBS. When MIA-GR8 tumors were palpable, the mice were
administered increasing doses of Gem by ip injection twice weekly,
escalating the Gem dose approximately every 2 weeks from 20 mg/kg
to 40, 60, and 80 mg/kg/injection. When the tumors achieved a vol-
ume of 2000 mm3, tumor fragments were passaged (below), and Gem
selection was repeated. After four passages, viable MIA-GR8 tumors
fragments were cryopreserved for further in vivo studies as described
below.

Tumor Implantation–Tumors were harvested rapidly after eutha-
nasia of donor animals, immersed in ice-cold RPMI-1640 (Cellgro), cut
into 2 × 2 × 2 mm3 fragments under sterile conditions, and then
implanted sc through a small incision in the abdominal skin of male
SCID mice under isoflurane anesthesia.

Tumor Treatment and Measurement–When MIAPaCa-2 or MIA-
GR8 tumor volumes reached 150 to 200 mm3, mice were random-
ized into groups (n = 6/group) of equivalent mean volumes, and vehicle

https://www.uniprot.org/proteomes
https://github.com/shichens1989
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(saline) or Gem was administered by ip injection at a dose of 30 or
60 mg/kg twice weekly for 3 weeks. Tumor volume was measured
twice weekly using a caliper, and volume was calculated as
(length × width2 × 0.5). Body weight was measured twice weekly to
monitor toxicity. Mice were removed from study when tumors reached
a protocol volume limit of 2000 mm3 or any dimension reached
20 mm.

Bioinformatic Functional Analysis

Gene Ontology (GO) annotation was conducted using DAVID
(Database for Annotation, Visualization and Integrated Discovery) v6.8
(https://david.ncifcrf.gov/) (35) to provide functional annotations of
differentially represented biological processes, cellular components,
and molecular functions.

Patient Data Sources

De-identified data from PDAC patient tumors, stratified by protein
expression levels, were obtained from The Human Genome Atlas
(TCGA) database (https://www.cancer.gov/tcga) (36) and processed
using the online resource LOGpc (http://bioinfo.henu.edu.cn/
DatabaseList.jsp) (37, 38). Transcriptomics data for PDAC patient tu-
mors (n = 176 patient tumors) were also obtained from TCGA.
Normalized FPKMs (fragments per kilobase of exon per million reads)
were used to quantify the expression of each gene, with a detection
threshold of 1 FPKM. The values of FPKM from TCGA were then
converted into transcripts per million for comparing tissue expression
data extracted from different databases. The transcriptomics data for
FIG. 1. Development and characterization of MIAPaCa-2-derived G
2 PDAC cells by continuous, escalating Gem exposure. A, concentration
highly GemR MIA-GR8 cell line over 72 h of exposure to the indicated G
lines represent fitted curves using the inhibitory Hill function. Drug-specifi
of all data using ADAPT5 software and are provided in Table 1. C, morph
1 μM Gem. Cells were exposed to vehicle or drug for 24 h, washed wi
microscopy. After 24 h of Gem exposure, parental MIAPaCa-2 cells ha
cells remained spindle-shaped and grew without obvious drug-mediat
pancreatic adenocarcinoma.
normal pancreatic tissues (n = 247 individuals) were obtained from the
genotype-tissue expression (GTEx) database (https://www.gtexportal.
org/) (39–41).
RESULTS

Comparative Responses of MIAPaCa-2 and Gem-Resistant
MIA-GR8 Cells to Gem

To gain insight into the molecular mechanisms of GemR, a
panel of GemR cell lines was generated from parental MIA-
PaCa-2 cells by continuous in vitro exposure to escalating
Gem concentrations (supplemental Fig. S1A). Figure 1 shows
the effect of Gem upon cell proliferation for both the parental
and GemR cells. The IC50 of Gem was 8.29 nM for parental
MIAPaCa-2, and 627.29 nM for the highly GemR MIA-GR8
line, an increase of nearly 100-fold compared to the parental
line (Fig. 1, A and B). Parameter estimates are shown in
Table 1. Whereas 50 nM Gem inhibited proliferation of MIA-
PaCa-2 cells by 95% (Imax_MIA = 0.95), it showed negligible
effect upon MIA-GR8 cells. A 200-fold higher concentration of
Gem (10 μM) suppressed MIA-GR8 cell proliferation to only
82% of maximal (Imax_GR8 = 0.82). In the absence of Gem,
MIA-GR8 cells appeared spindle-shaped compared to MIA-
PaCa-2 cells (Fig. 1C), suggesting that MIA-GR8 had acquired
Mol Cell Proteomics (2022) 21(10) 100409 5

emRMIA-GR8 cell line. GemR cell lines were derived from MIAPaCa-
/cell proliferation response curves for parental MIAPaCa-2 cells; B, the
em concentrations. Symbols denote observed cell counts, and dotted
c parameters for both cell lines were estimated by simultaneous fitting
ology of MIAPaCa-2 and MIA-GR8 cells in the absence or presence of
th PBS, fixed with paraformaldehyde, and imaged by phase-contrast
d a more apoptotic appearance and grew slowly, whereas MIA-GR8
ed delay. Gem, gemcitabine; GemR, gemcitabine resistance; PDAC,
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TABLE 1
Model parameter estimation for Gem IC50 on MIAPaCa-2 and MIA-GR8 cells

Parameter (units) Definition
MIAPaCa-2 MIA-GR8

Estimate CV% Estimate CV%

R0 (1 × 106 cells) Final cell counts in vehicle group 5.56 6.5 2.23 3.9
Imax Maximal inhibitory effect of Gem 0.954 0.9 0.820 8.5
IC50 (nM) Gem concentration mediating half-maximal growth inhibition 8.29 7.3 627 26.8
γ Hill coefficient for Gem 2.18 7.5 0.580 17.0
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an enhanced mesenchymal phenotype or stemness state (9,
11, 42) that is associated with drug resistance. MIAPaCa-
2 cells became more spindle-shaped and apoptotic with 24 h
of exposure to 1 μM Gem, but MIA-GR8 morphology did not
change further (Fig. 1C).

Cell Cycle Distribution Analysis of MIAPaCa-2 Cells and
MIA-GR8 Cells

Untreated MIA-GR8 cells grew much more slowly than
MIAPaCa-2 cells (Fig. 2A), likely an adaption to cytotoxic
agents that inhibit cell proliferation. Cell cycle progression,
evaluated by flow cytometry, showed nearly 60% of MIA-GR8
cells were in the quiescent, nonproliferative G0 phase or in G1

phase, whereas less than 40% of MIAPaCa-2 cells were in G0/
G1 phase (Fig. 2, B and C), and twice as many cells were in S
phase compared to MIA-GR8 cells.

Increased EMT and Invasiveness of MIAPaCa-2 GemR
Cells

EMT contributes to GemR (43). A hallmark of EMT is
increased migration and invasiveness (10), and increased
expression of mesenchymal markers such as Zeb1 and Slug.
Compared to their expression in parental MIAPaCa-2 cells,
Zeb1 and Slug were elevated in the majority of the nine GemR
cell lines generated (Fig. 2D). In MIA-GR8, the most GemR cell
line, cell motility also increased compared to parental MIA-
PaCa-2 cells (Fig. 2E).

Differential Responses of MIAPaCa-2 and MIA-GR8
Tumors to Gem Treatment

To investigate the persistence and impact of the GemR
phenotype of MIA-GR8 cells, parental and GemR cells were
implanted in SCID mice, and when tumors were palpable,
mice were treated with escalating Gem doses over four pas-
sages to ensure in vivo selection of the GemR phenotype
(supplemental Fig. S1B). In a subsequent passage, the effect
of Gem on tumor volume progression was compared for
MIAPaCa-2 and MIA-GR8 tumors. Without treatment, MIA-
GR8 tumors grew more slowly than did MIAPaCa-2 tumors
(Fig. 3, A and C), consistent with the observed differences in
their relative in vitro cell proliferation rates. Over three cycles of
twice-weekly treatment with 30 mg/kg Gem, MIAPaCa-2 tu-
mor volume progression decreased significantly compared to
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controls (p < 0.05; Fig. 3A), and the median time of tumor
progression to a threshold of 2000 mm3 was also delayed
significantly (p < 0.05; Fig. 3B). In contrast, neither the same
treatment regimen nor doubling the Gem dose to 60 mg/kg
had a significant effect upon MIA-GR8 tumor progression
(Fig. 3, C and D), confirming the stability of its GemR pheno-
type in vivo.

Quantitative Differential Proteomic Analysis of MIAPaCa-2
and MIA-GR8 Cell Lines

Global differential protein expression analysis was per-
formed using the IonStar proteomic analysis workflow
(supplemental Fig. S2) on nearly confluent MIAPaCa-2 and
MIA-GR8 cells at either the time of subculturing (day 0) or after
4 days of growth. IonStar combines carefully optimized
experimental procedures for sample preparation with in-
depth, reproducible, and well-controlled LC/MS analysis,
and a pipeline for proteomic data analysis that achieves very
low missing data, a quantifiable and low FDR, and superior
accuracy and precision (27–29). Comparison of cells har-
vested at near confluence (~90–95%) on day 0 with nearly
confluent cells harvested after 4 days of culture enabled us to
investigate protein expression patterns in cells that had grown
to similar cell densities. Two independent experiments were
performed, yielding Dataset_1 and Dataset_2. Proteins were
quantified using stringent criteria (FDR <1%; FDR for quanti-
fied peptides <0.1%, with at least two quantified peptides per
protein). Dataset_1 contained 5993 proteins and Dataset_2
contained 5514 proteins (supplemental Fig. S3A and
supplemental Tables S4–S12). The two datasets quantified
5128 proteins in common, suggesting excellent quantitative
reproducibility across two independent experiments. Data-
set_1 was investigated in greater detail because it contained
more quantified proteins than Dataset_2.
For confident identification of differentially expressed pro-

teins, fold change in protein expression between MIA-GR8
and MIAPaCa-2 cells was analyzed using an experimental
null method that allows estimation of the FDR arising from
technical variability (34). Using this method, the optimal cutoff
selected was fold change ≤0.75 or ≥1.4 with p ≤ 0.05, and
505 proteins were differentially expressed on both days
(Fig. 4A). On day 0, 411 proteins were upregulated significantly
in MIA-GR8 cells compared to the parental cell line, 496



FIG. 2. Proliferation, migration, and protein expression of parental MIAPaCa-2 cells and derived GemR MIA-GR8. A, comparison of
unperturbed growth rates of MIAPaCa-2 and MIA-GR8 cells over 96 h. Cells were detached at intervals and counted using a Coulter counter.
B, comparison of cell cycle distribution (G0/G1, S, and G2/M phases) of MIAPaCa-2 versus (C) MIA-GR8 cells during exponential growth, based
on flow cytometry quantification of propidium iodide DNA staining. The fractions in each cell cycle phase were analyzed using Modfit software.
D, Western blot showing comparative expression of mesenchymal markers in parental (“P”) MIAPaCa-2 cells and nine stable GemR clones
(listed above the lanes) derived from MIAPaCa-2 cells. E, comparison of MIAPaCa-2 and MIA-GR8 cell migration. A Transwell assay was used to
determine the number of migrating MIAPaCa-2 and MIA-GR8 cells per field over 12 h. At the end of the incubation period, nonmigrating cells in
the upper chamber were removed with cotton swabs. Migrating cells in the lower chamber were washed, fixed with 5% paraformaldehyde,
stained with crystal violet, and imaged with a 40 ×microscope objective, and migrating cells per image field were enumerated manually. Data are
shown as mean ± SD. Gem, gemcitabine; GemR, gemcitabine resistance.
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proteins were upregulated on day 4, and 223 shared proteins
were upregulated in both cultures (Fig. 4B). On day 0, 510
proteins were downregulated significantly in MIA-GR8 cells
relative to MIAPaCa-2 cells, 773 proteins were downregulated
on day 4, and 265 shared proteins were downregulated on
both days (Fig. 4C). Thus, differential proteomic analysis
produced a rich dataset identifying a comparatively large
number of quantified proteins that were constitutively altered
in expression by the long-term, escalating Gem exposure that
produced the highly GemR MIA-GR8 cell line.
Mol Cell Proteomics (2022) 21(10) 100409 7



FIG. 3. Gemcitabine efficacy on MIAPaCa-2 and MIA-GR8 xenografts. A, in vivo growth rate of MIAPaCa-2 in the absence or presence of
Gem treatment. B, in vivo growth rate of MIA-GR8 tumors (n = 6 mice/group) in the absence or presence of Gem treatment. When tumor volumes
reached 150 to 200 mm3, mice were randomized and administered saline or Gem (30 or 60 mg/kg ip) twice weekly for 3 weeks. Vertical dashed
lines indicate treatment days. Tumor volumes and body weight were recorded over 3 weeks. Mice were removed from study when tumors
reached a volume of 2000 mm3 or any dimension reached 20 mm. When the second animal from any group was removed from study, data are
no longer plotted to avoid bias of the mean. Gem treatment inhibited MIAPaCa-2 tumor growth significantly (p < 0.05) by day 15, but not the
growth of MIA-GR8 tumors (p > 0.05). C, time of tumor progression to a threshold tumor volume of 2000 mm3. Gem treatment delayed median
time of MIAPaCa-2 tumor progression significantly (p < 0.001) compared with controls, but (D) MIA-GR8 tumor progression was not altered
significantly by treatment (p > 0.05). Data shown are mean ± SD; ns: not significant (p > 0.05). Gem, gemcitabine.
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GO Analysis of Differentially Expressed Proteins in GemR
Cells

GO analysis of the differentially expressed proteins in MIA-
GR8 cells indicated that the predominant drug-adaptive bio-
logical processes in these highly GemR cells include energy
generation/utilization, cell division and proliferation, migration,
and ‘drug response’ mechanisms, including DNA repair
mechanisms and resistance to apoptosis (Fig. 5A and
supplemental Table S1). The highest number of proteins
altered in MIA-GR8 cells participate in oxidation–reduction
processes (19.4% of the 592 proteins comprising this
ontology category), including processes associated with the
kinetics of energy balance and drug metabolism. Notably,
proteins in Gemmetabolism pathways appear in this category,
including RRM1, RRM2, RRM2B, NT5C, and CMPK1 (16),
suggesting that the capability for intracellular accumulation of
active Gem in GemR cells was decreased as a response
mechanism to Gem-induced stress. The biological processes
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associated with cell proliferation that were altered in MIA-GR8
cells include cell division (73/350 proteins, 20.9% of constit-
uent proteins in category), mitotic nuclear division (51/248,
20.6%), DNA replication (29/155, 18.7%), and cell cycle (30/
217, 13.8%) (Fig. 5A). Biological processes associated with
cell movement enriched in MIA-GR8 cells include cell–cell
adhesion (61/271, 22.5%), regulation of cell shape (29/140,
20.7%), cell migration (28/172, 16.3%), and small GTPases
(31/246, 12.6%). This multiplicity of changes represents the
diverse mechanistic responses driving GemR cells as they
underwent EMT, which facilitates cell invasion and drug
resistance. In parallel, proteins comprising ‘drug response
mechanisms’ were altered significantly in MIA-GR8 cells; the
data suggest that these GemR cells developed adaptations
such as modified DNA repair (37/235), vesicular transport (51/
395), and apoptosis resistance (59/455) in order to avoid Gem-
induced responses such as apoptosis. Overall, the spectrum
of MIA-GR8 cell responses to Gem-induced stress suggest



FIG. 4. Comparative proteomic analysis of significantly changed proteins quantified in MIAPaCa-2 and MIA-GR8 cells. Differential
proteomics Dataset_1 consists of 5993 proteins quantified from both MIAPaCa-2 and GemR MIA-GR8 cells sampled at two time points (days
0 and 4 of culture), with no missing data, using the IonStar differential proteomic analysis workflow. A, a total of 1693 quantified proteins were
differentially expressed in MIA-GR8 cells versus MIAPaCa-2 cells on days 0 and 4 of culture, with upregulation defined as ≥1.4-fold change and
downregulation as ≤0.75-fold change) at p < 0.05; B, upregulated proteins in MIA-GR8 cells; C, downregulated proteins in MIA-GR8 cells. The
number of shared proteins that were similarly regulated on days 0 and 4 are shown in the intersection of the two circles. Gem, gemcitabine;
GemR, gemcitabine resistance.
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that its GemR phenotype is both broadly based and attained
through a range of mechanisms.

Adaptations in Energy Production in GemR Cells

Both differential proteomic analysis and the slower prolif-
eration rate of MIA-GR8 cells in vitro and in vivo suggested
that alterations energy generation/utilization developed as an
adaptive response to Gem-induced stress in MIA-GR8 cells.
To test this hypothesis, the kinetics of cell metabolism,
glycolysis, and mitochondrial respiration were investigated.
Compared to parental MIAPaCa-2 cells, MIA-GR8 cells had a
lower ECAR (Fig. 5, B and C), suggesting a lower glycolytic
capacity, reserve, and level of glycolysis. In addition, MIA-GR8
cells showed a lower OCR, based upon several measures of
mitochondrial function that include basal mitochondrial
respiration, proton leakage, maximal respiration rate, spare
respiratory capacity, nonmitochondrial oxygen consumption,
and ATP production (Fig. 5, D and E). Thus, these GemR cells
developed a mechanism of reduced energy production in
parallel with a reduced proliferation rate to reduce the impact
of stress created by cytotoxic agents that predominantly
target rapid cell growth.

Characterization of Significantly Enriched Proteins in GemR
Cells

A more stringent cutoff was applied to the dataset in
order to focus upon the subset of proteins differentially
expressed between MIA-GR8 cells and parental MIAPaCa-
2 cells that were the most consistently altered and greatest
in magnitude: log2 fold change >2 or <−2 (fold change >4 or
<1/4), and −log10 p value >2 (p < 0.01; Fig. 5, F and G).
Among the upregulated proteins in this subset, RRM1 had
the highest fold change (23.6- and 20.4-fold day 0 and day
4 samples of nearly confluent cells) and the lowest p values
(8.1E-8 and 5.3E-8 for the day 0, day 4 samples). Additional
upregulated proteins were characterized ontologically as
modulating resistance to chemotherapy and radiation
(Table 2). A role of these proteins in GemR has not been
described previously.
Among the highly downregulated proteins, S100A4 (S100

calcium binding protein A4) had the greatest fold change in
MIA-GR8 cells (0.07- and 0.3-fold for the day 0, day 4 sam-
ples) and lowest p values (8.97E-6 and 2.0E-6 for the day 0,
day 4 samples). S100A4 has been reported as a driver of tu-
mor progression and metastasis in various malignant tumors,
including PDAC (44), and as a candidate biomarker for early
diagnosis or prediction of cancer metastasis (45, 46), although
numerous factors, including cancer type and drug class, may
affect its role in drug resistance.
Surprisingly, a number of proteins that were downregulated

in MIA-GR8 cells have been reported to promote drug resis-
tance in other cancer types (Table 2). It is possible that these
proteins contribute to GemR in PDAC in different ways, in that
other chemoresistance mechanisms may override the contri-
bution of the response networks represented by these
proteins.
Mol Cell Proteomics (2022) 21(10) 100409 9



10 Mol Cell Proteomics (2022) 21(10) 100409

FIG. 5. Ontology analysis of enriched proteins in GemR MIA-GR8 cells. A, top biological processes enriched significantly in the GemR
MIA-GR8 cell line, based upon a global differential expression proteomics workflow (Experimental Procedures). Results were analyzed using the

Differential Proteomics Reveals Metabolic Regulators of GemR



TABLE 2
Additional differential proteins associated with drug resistance in the comparative proteomic analysis

Proteins Fold change at 0 h (p value) Fold change at 96 h (p value) References

FETUA (AHSG, alpha 2-HS glycoprotein) 29.9 (4.0E-3) 22.7 (0.03) (78)
KCRB (CKB, creatine kinase B) 7.1 (1.3E-6) 6.9 (5E-5) (87)
RO52 (TRIM21, tripartite motif containing 21) 15.6 (2.7E-6) 10.1 (1.3E-4) (88, 89)
CATD (CTSD, cathepsin D) 6.5 (4.8E-6) 4.3 (6.2E-7) (88, 90–93)
STIM1 (stromal interaction molecule 1) 6.8 (6.2E-6) 4.9 (9.1E-7) (90–95)
ATP7B (ATPase copper transporting beta) 3.5 (1.8E-3) 8.8 (1.2E-4) (94–102)
S100A4 (S100 calcium binding protein A4) −0.01 (4.3E-7) −0.01 (2.5E-7) (73, 96–102)
ADLH2 (aldehyde dehydrogenase 2 family member) −0.09 (3.9E-5) −0.09 (4.8E-5) (73, 103–106)
GEL2 (GSN, gelsolin) −0.24 (4.1E-7) −0.15 (1.8E-6) (103–108)
CALB (calbindin 2) −0.04 (1.7E-4) −0.03 (3.6E-5) (107–110)
AACT (SERPINA3, serpin family A member 3) −0.04 (1.5E-3) −0.02 (8.2E-5) (109–111)
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Contribution of RRM1 to GemR

Differential proteomic analysis identified RRM1 as the most
significantly upregulated protein in MIA-GR8 cells (Fig. 5, C
and D), a phenotypic change that was observed in all nine
GemR clones developed from parental MIAPaCa-2 cells
(Fig. 6, A and C), suggesting a significant role of RRM1 in
modulating GemR in these clones. In the highly GemR MIA-
GR8 cells, RRM2 was also upregulated (Fig. 6B), implicating
both RRM1 and RRM2 as contributors to GemR in PDAC.
In other contexts, RRM1 has been considered a tumor

suppressor (47), and in transgenic mouse models of lung and
colon cancer, RRM1 overexpression was reported to
decrease cancer metastases and extend survival (48–50). To
provide further insight into the role of RRM1 in PDAC, MIA-
PaCa-2 cells were transduced with specific shRNAs against
RRM1, which would create an imbalanced pool of dNTPs.
Knockdown of RRM1 by shRNA decreased cell viability by
upregulation of apoptosis mediator–cleaved caspase 3 (Fig. 6,
D and E), suggesting a key role of RRM1 to sustain the pool of
dNTPs required for cancer proliferation. Consistent with a
previous study (51), downregulation of RRM1 expression
enhanced Gem inhibition of MIAPaCa-2 cell proliferation
(Fig. 6F). RRM1-deficient cells also exhibited reduced migra-
tion in a Transwell assay and decreased expression of
David database (https://david.ncifcrf.gov/). Compared with parental MIA
cell proliferation, migration, energy generation/utilization, and ‘drug respo
of enriched proteins in each category relative to the number of proteins in
by differential proteomic analysis. Glycolytic functions of MIAPaCa-2
Glycolysis stress test. Glucose, oligomycin, and 2-deoxyglucose were in
acidification rate was measured to assess (C) key parameters includi
comparison of mitochondrial respiration functions. D, oligomycin, FCCP
system at times marked by arrows. The oxygen consumption rate was m
proton leak, maximal respiration, spare respiratory capacity, mitochondr
expression change for all quantified of protein in MIA-GR8 versus MIA
downregulated proteins, and red circles indicate upregulated proteins.
change ≤0.25-fold (left) or ≥4-fold (right) at p < 0.01). Data are shown as
ECAR, extracellular acidification rate; FCCP, carbonyl cyanide 4-(trifluor
resistance; OCR, oxygen consumption rate.
mesenchymal biomarkers Zeb1 and N-cadherin (Fig. 6D),
indicating a reduction or reversal of the EMT phenotype.
Based upon these findings, we examined the association of

RRM1 expression with clinical outcomes in PDAC patients
using the LOGpc database (http://bioinfo.henu.edu.cn/
DatabaseList.jsp) (37). RRM1 was more highly expressed in
patient pancreatic cancers than in their normal pancreas tis-
sues (Fig. 6I) based on TCGA (https://www.cancer.gov/tcga)
and GTEx (https://www.gtexportal.org/) databases, suggest-
ing potential clinical benefit of targeting RRM1 by combining
Gem with other RNR complex inhibitors such as hydroxyurea.
Kaplan–Meier survival plots also showed a significant inverse
correlation between expression of RRM1 and PDAC patient
survival (Fig. 6J), further supporting the role of RRM1 in PDAC
progression and treatment resistance.

Adaptations in Gem Metabolism Supporting GemR

KEGG analysis of the differentially expressed proteins
in MIA-GR8 cells showed that the greatest number of signifi-
cantly changed proteins belongs to the metabolic pathway
category (supplemental Fig. S3C), which includes most of the
key enzymes in Gem metabolism that were quantified here,
such as RRM1, RRM2, RRM2B, NT5C, thymidylate synthe-
tase (TYMS), and CMPK1. These adaptations of MIA-GR8
Mol Cell Proteomics (2022) 21(10) 100409 11

PaCa-2 cells, the predominant altered proteins in GemR cells include
nse’ mechanisms. Numbers beside each column indicate the number
the category. B, validation of drug-resistance mechanisms suggested
and MIA-GR8 cells were compared using an Agilent Seahorse XF
troduced into the system at times marked by arrows. The extracellular
ng glycolysis, glycolytic capability, and glycolytic reserve. D and E,
, and a mixture of antimycin A + rotenone were introduced into the
easured to assess (E) key characteristics including basal respiration,

ial oxygen consumption, and ATP production. F, volcano plots of fold
PaCa-2 cells at 0 h and (G) 96 h of culture. Green circles indicate
Gray dashed lines indicate a more stringent fold change cutoff (fold
mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. 2DG, 2-deoxyglucose;
omethoxy) phenylhydrazone; Gem, gemcitabine; GemR, gemcitabine
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FIG. 6. Effects of RRM1 on PDAC cell proliferation, migration, and Gem sensitivity. A, Western blot analysis of RRM1 expression among
parental MIAPaCa-2 cells (P) and nine stable GemR clones (listed above plot). B, quantification of fold change in expression of RRM1 and RRM2
in MIAPaCa-2 and MIA-GR8 cells based upon differential proteomic analysis (Experimental Procedures). C, Western blot confirmation of RRM1
expression in the MIAPaCa-2 and MIA-GR8 cell samples evaluated by differential proteomic analysis. D, confirmation of RRM1 knockdown in
MIAPaCa-2 cells. Cells were stably transduced with nonsilencing shRNA (scrambled) or two specific shRNAs against RRM1 (RRM1 shRNA #1,
#2). Western blot analysis shows downregulation of proteins associated with mesenchymal phenotypes (Zeb1 and N-cadherin) and upregulation
of apoptosis markers (cleaved-caspase 3) accompanying RRM1 knockdown. E, RRM1 knockdown reduced MIAPaCa-2 cell numbers over 72 h,
based upon an MTS assay (Experimental Procedures). F, RRM1 knockdown heightened the Gem sensitivity of MIAPaCa-2 cells. The shRNA-
transduced cells were treated with a range of Gem concentrations (0–7.5 nM), and cell proliferation was evaluated after 72 h of exposure. G,

Differential Proteomics Reveals Metabolic Regulators of GemR
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cells suggest the central role of altered Gem transport and
metabolism in establishing GemR. Figure 7 shows an inte-
grated overview of the Gem metabolism pathways overlaid
with the fold change in the differentially expressed proteins
that were quantified by comparative proteomic analysis of
MIA-GR8 and parental MIAPaCa-2 cells. Increased expression
of Gem metabolism proteins (RRM1, RRM2, CDA, DCK,
DCTD, NT5C, and CMPK1) was observed in MIA-GR8 cells,
and clinically, their increased expression correlates signifi-
cantly with PDAC patient survival (supplemental Fig. S4,
supplemental Tables S2 and S3).
Alterations in Gem transport and metabolism pathway en-

zymes also appear to contribute to establishing the phenotype
of GemR cells. ENT1, the primary Gem transporter, was
reduced in MIA-GR8 cells (Fig. 7B), which would decrease
Gem uptake, consistent with previous reports that identified a
key role of ENT1 expression levels in determining Gem
sensitivity (10). Gem-mediated alterations in the activity of
multiple Gem metabolism pathways also cooperate in estab-
lishing GemR and can be self-potentiating. The lower
expression of DCK and higher expression of NT5C observed in
MIA-GR8 cells (Fig. 7B) would limit the formation of active Gem
gemcitabine monophosphate (dFdCMP+dFdCDP+dFdCTP).
DCTD, which deaminates dFdCMP to dFdUMP, was also
upregulated. The resulting dFdUMP could be converted into
dFdU and exported rapidly from cells by CNT (52, 53),
reducing the pool of intracellular dFdU that can be metabolized
to dFdUDP and dFdUTP, both of which can mediate cyto-
toxicity via incorporation into DNA and effects on dNTP pools
(54, 55). The overall pattern of differential protein expression in
MIA-GR8 cells suggest that multiple mechanisms operant in
MIA-GR8 cells diminish dFdCMP, which would deplete the
active Gem precursor pool. dFdCDP, which is produced from
dFdCMP by CMPK1, is a potent suppressor of RNR complex
activity and would thereby diminish the cellular dNTP pool
produced via the nucleoside salvage pathway (16) that com-
petes with Gem incorporation into DNA. CMPK1 was upre-
gulated slightly in MIA-GR8 cells (Fig. 7B), possibly because of
cellular compensatory signaling that would counter the sig-
nificant upregulation of the RNR complex observed, which
replenishes the competing dNTP pool. Overall, the observed
Gem-mediated effects on the activity of Gem-deactivating
enzymes and on those that produce phosphorylated Gem
representative bright-field images of migrating MIAPaCa-2 cells transduce
migrating in a Transwell assay shows that RRM1 knockdown reduces M
normal pancreas versus PDAC tumors. Transcriptomics data for 176 P
(TCGA) database (https://portal.gdc.cancer.gov/) and data for 247 nor
(GTEx) database (https://www.gtexportal.org/). The extracted values we
pancreas tissues had significantly higher RRM1 expression than PDAC t
PDAC patient survival stratified by high (red, upper 30%) versus low (g
LOGpc (http://bioinfo.henu.edu.cn/DatabaseList.jsp) using clinical RNA
shown are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not si
pancreatic adenocarcinoma; RRM1: ribonucleoside-diphosphate reduct
unit M2.
species that would compete with dNTP pools could interfere
with processes that together can contribute to producing more
than 85% of the intracellular Gem undergoing activation by
phosphorylation (56).

Proteomic Analysis of Gem Metabolism Pathway
Responses to Gem Exposure

The differential expression of proteins associated with Gem
transport and metabolism observed in MIA-GR8 versus
parental MIAPaCa-2 cells motivated an investigation of the
relationship between the Gem sensitivity of several PDAC cell
lines and their protein-level responses to Gem exposure. The
rank-order Gem sensitivity of these cell lines is MIAPaCa-2 >
PANC-1 >> MIA-GR8 cells ((57, 58); this study).
In all three cell lines, expression of ENT1, the major Gem

uptake transporter (59), increased over the first 48 h of Gem
exposure and then declined (Fig. 8A), suggesting an initial
increase in Gem uptake capacity. Although the initial ENT1
induction was greatest in PANC-1, it declined more rapidly
than in MIAPaCa-2, suggesting a more rapid adaptation of the
more GemR PANC-1 to reduce Gem uptake. ENT1 induction
in MIA-GR8 was minimal and significantly lower than in other
cell lines at 48 h of exposure, suggesting that MIA-GR8 had
the lowest Gem uptake capacity.
Once cells take up Gem, its activation and conversion to

DFdCMP are modulated by DCK, NT5C, and DCTD. DCK was
quantifiable in only PANC-1 and MIA-GR8 cells. Whereas
PANC-1 upregulated DCK in response to Gem treatment, it
did not change in MIA-GR8 (Fig. 8B), suggesting its lower
capacity for production of dFdCMP. NT5C and DCTD inacti-
vate dFdCMP, producing parental Gem and dFdUMP. MIA-
PaCa-2 cells downregulated NT5C after 24 to 72 h of Gem
exposure, which would preserve dFdCMP and promote
increased dFdCDP and dFdUMP, both of which are cytotoxic
(Fig. 8C). NT5C expression initially increased in PANC-1 cells,
which would reduce dFdCMP, but then declined over the
following 48 h. NT5C was slightly upregulated after 24 h in
MIA-GR8 cells and remained at a higher level than in PANC-1
and MIAPaCa-2, suggesting a more sustained capacity for
decreasing dFdCMP. DCTD was relatively unchanged in
MIAPaCa-2 cells but was strongly induced in PANC-1 cells
after a delay of 24 h (Fig. 8D), suggesting increased metabolic
inactivation of dFdCMP to dFdUMP as a dynamic response to
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FIG. 7. Protein expression changes in Gem metabolism pathways in MIA-GR8 cells. A, Gem metabolism network in PDAC cells.
Quantified proteins that were downregulated in MIA-GR8 relative to parental MIAPaCa-2 cells are indicated in green font, and red font represents
quantified proteins that were upregulated. Gem is taken up by transporters (ENT1, ENT2, CNT1, CNT3) and metabolized by several key en-
zymes, including CDA, DCTD, NT5C, DCK, RRM1, RRM2, RRM2B, and CMPK1. Deamination of extracellular Gem by CDA transforms Gem into
inactive dFdU. Conversion of the Gem prodrug to active Gem triphosphate requires sequential phosphorylation by multiple enzymes, including
DCK, NT5C, and CMPK1. DCK mediates the conversion of parental Gem to dFdCMP, which is a rate-limiting catalyzation step, and NT5C
reverses this step by dephosphorylating dFdCMP. DCTD, which deaminates dFdCMP to dFdUMP, was converted into dFdU and exported
rapidly from cells by CNT1. Intracellular dFdU can be metabolized to dFdUDP and dFdUTP, both of which can mediate cytotoxicity via
incorporation into DNA and effects on dNTP pools. The RNR complex consists of RRM1, RRM2, and RRM2B and catalyzes the sequential
conversion of NDPs into dNTPs. Gem metabolite dFdCTP competes with NTPs for DNA incorporation. CDA, ENT2, CNT1, and CNT3 were not
quantified in the proteomic analysis. B, heat-map of protein expression changes associated with Gem metabolism and their magnitude in GemR
MIA-GR8 cells. The average expression profiles of Gem transporters and metabolizing enzymes in nearly confluent MIA-GR8 GemR cells at two
time points (day 0 prior to plating and day 4 after plating) were normalized by the average expression of the same proteins in MIAPaCa-2 parental
cells. CDA, cytidine deaminase; CMPK1, cytidine monophosphate kinase 1; CNT1, solute carrier family 28 member 1; CNT3, solute carrier family
28 member 3; DCK: deoxycytidine kinase; DCTD, deoxycytidylate deaminase; dFdCDP, gemcitabine diphosphate; dFdCMP, gemcitabine
monophosphate; dFdCTP, gemcitabine triphosphate; dFdU, difluorodeoxyuridine; ENT1: human equilibrative transporter 1; ENT2, solute carrier
family 29 member 2; FdUMP, deoxyfluorouridine monophosphate; Gem, gemcitabine; NT5C, 5′-nucleotidase; PDAC, pancreatic adenocarci-
noma; RRM1: ribonucleoside-diphosphate reductase large subunit, RRM2: ribonucleoside-diphosphate reductase subunit M2, RRM2B:
ribonucleotide-diphosphate reductase subunit M2 B.
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drug exposure. In contrast, DCTD in MIA-GR8 declined over
24 to 72 h and was significantly lower than in MIAPaCa-2 and
PANC-1, possibly because of a reduction in dFdCMP; by 96 h,
it returned to baseline. The baseline abundance of CMPK1,
14 Mol Cell Proteomics (2022) 21(10) 100409
which phosphorylates dFdCMP, was approxmately 1.2-fold
higher in MIA-GR8 than in MIAPaCa-2 (Fig. 7B), but MIA-
GR8 downregulated CMPK1 by approxmately 30% in the
first 24 h of exposure to levels significantly below those of the



FIG. 8. Temporal expression changes of proteins associated with Gem metabolism during Gem exposure of PDAC cell lines. Meta-
analysis of data from multiple global proteomic analyses enabled comparison of temporal responses of PDAC cell lines to Gem exposure. In
(31) PANC-1 cells were exposed in triplicate to 20 nM Gem over 0 to 72 h. In the experiments performed here, triplicate MIAPaCa-2 cell samples
were exposed to 7.5 nM Gem over 0 to 96 h, and MIA-GR8 cells were exposed to 1 μM Gem. At the indicated time points, cells were harvested
and subjected to quantitative proteomic analysis. Data are normalized to drug-free controls at time 0. The proteins associated with Gem
metabolism that were quantified in these 3 cell lines included (A) ENT1, (B) DCK, (C) NT5C, (D) DCTD, (E), CMPK1, (F) RRM1, (G) RRM2, and (H)
RRM2B. B, DCK was not quantified in MIAPaCa-2 cells, and (E) CMPK1 was not quantified in PANC-1 cells. Data shown are mean ± SD.
Symbols: comparison between MIAPaCa-2 and PANC-1 cells: *p < 0.05, **p < 0.01, ***p < 0.001; comparison between MIAPaCa-2 and MIA-GR8
cells: #p < 0.05, ##p < 0.01, ###p < 0.001; comparison between PANC-1 and MIA-GR8 cells: &p < 0.05, &&p < 0.01, &&&p < 0.001. DCK:
deoxycytidine kinase; DCTD, deoxycytidylate deaminase; ENT1: human equilibrative transporter 1; Gem, gemcitabine; GemR, gemcitabine
resistance; NT5C, 5′-nucleotidase; PDAC, pancreatic adenocarcinoma; RRM1, ribonucleoside-diphosphate reductase large subunit; RRM2,
ribonucleoside-diphosphate reductase subunit M2; RRM2B, ribonucleotide-diphosphate reductase subunit M2 B.
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more Gem-sensitive MIAPaCa-2 (Fig. 8E). This response
would have the effect of reducing the phosphorylation
necessary to activate Gem.
RRM1 expression did not change appreciably in MIAPaCa-

2 cells over 96 h of Gem exposure but did increase rapidly
over 48 h in PANC-1 cells (Fig. 8F), consistent with its greater
GemR. In MIA-GR8 cells, 24 h of Gem exposure at a relatively
high concentration transiently downregulated RRM1 (Fig. 8F).
Despite this 25 to 30% decrease in RRM1 expression, its
abundance in MIA-GR8 cells remained 15-fold higher than in
MIAPaCa-2 cells, which would maintain MIA-GR8 cell prolif-
eration and survival. RRM1 expression in MIA-GR8 cells then
returned to baseline by 48 h, suggesting that the cells possess
a rapid, adaptative response mechanism to counteract
Mol Cell Proteomics (2022) 21(10) 100409 15
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suppression of RRM1 by high Gem exposure. Thus the
observed magnitude of downregulation of RRM1 may not
impact the overall GemR phenotype of MIA-GR8. In all PDAC
cell lines, the expression of RRM2 and RRM2B exhibited bell-
shape patterns in response to Gem exposure (Fig. 8, G and H),
implicating an early DNA repair response to reverse Gem-
mediated DNA damage (60, 61). Among the three cell lines,
RRM2 induction was greatest in MIA-GR8 cells, suggesting it
possessed the highest capacity for DNA repair (Fig. 8G).
DISCUSSION

Gem is the mainstay of a prevalent, standard-of-care
chemotherapy regimen for PDAC, one of the most lethal
cancers (62). Tumors that are initially sensitive to Gem-based
therapies become drug-resistant, resulting in only a modest
survival improvement. Therefore, developing a more complete
understanding of GemR and establishing a rational basis for
the design of effective approaches to overcome GemR,
remain a major clinical challenge (63). Multiple GemR mech-
anisms have been documented at molecular, enzymatic,
cellular, and physiological levels (5–7, 11, 14–16, 18, 42,
63–72), and numerous prognostic markers have been pro-
posed to predict the emergence of GemR and patient Gem
response (13, 18, 19). Here, we investigated the molecular
mechanisms underlying acquired GemR using a global dif-
ferential proteomic analysis approach for hypothesis genera-
tion and testing. The IonStar proteomic analysis workflow
enabled quantification of a much larger number of differentially
expressed proteins in GemR cells, at a high level of stringency,
than achieved in previous studies in the field (21, 24–26).
In order to evaluate GemR against a consistent genetic

background, we derived a family of GemR clones from the
Gem-sensitive MIAPaCa-2 PDAC cell line. Clone #8 (MIA-
GR8) was one of several highly resistant clones derived. Our
rationale in selecting this clone for detailed phenotypic and
proteomic analysis was based upon the hypothesis that the
sheer-magnitude change in Gem sensitivity in the clonal lines
obtained would involve the emergence of multiple cooperating
GemR mechanisms. MIA-GR8 exhibited the greatest degree
of GemR among these lines and retained its tumorigenic- and
Gem-resistant properties in vivo. Phenotypically, MIA-GR8
cells exhibited a mesenchymal appearance, with enhanced
expression of mesenchymal markers compared to parental
cells, which was consistent with their increased in vitro inva-
siveness and drug resistance. MIA-GR8 cells also grew more
slowly than parental cells, and a significant fraction of cells
accumulated in G0/G1. Together, these characteristics would
reduce S phase incorporation of Gem into DNA. MIA-GR8
tumors also grew more slowly in vivo than did the parental
MIAPaCa-2 tumors. Quantitative differential proteomic anal-
ysis showed that multiple biological processes associated
with cell proliferation and motility were altered in MIA-GR8
cells. S100A4, a regulator of PDAC cell proliferation, was the
16 Mol Cell Proteomics (2022) 21(10) 100409
most downregulated protein in MIA-GR8 cells, consistent with
the reduced proliferation rate observed in vitro and in vivo,
which would represent a protective adaptation to minimize the
effects of cytotoxic agents that predominantly target rapid cell
growth. However, the role of S100A4 in drug resistance may
vary depending on multiple factors. In colon cancer cells,
overexpression of S100A4 conferrs resistance to metho-
trexate (73), but a study of gastric cancer reported that neither
overexpression nor knockdown of S100A4 affected cell
response to six commonly used cytotoxic agents (74). In
PDAC, downregulation of S100A4 was observed to slow cell
proliferation (75), and overexpression of S100A4 increased
invasiveness (76). Downregulation of S100A4 in MIA-GR8
cells suggests that its contribution to GemR may be via
reduction of cell proliferation.
The slower proliferation rate of MIA-GR8 cells was also

consistent with the observed reduction in energy generation
from glycolysis and mitochondrial respiration. Differential
analysis showed that proteins related to cellular metabolism
represented the predominant functionally annotated biological
process group altered in MIA-GR8 cells compared to parental
MIAPaCa-2 cells. Notably, RRM1, which plays a major role as
a determinant of Gem sensitivity (18, 19, 77, 78), was the most
upregulated protein in the group. Increased RRM1 expression
was observed in all nine GemR clones isolated, suggesting a
key role of altered Gem metabolism in GemR. The functional
role of RRM1 in GemR was validated and extended experi-
mentally with the observation that a reduction in RRM1
abundance enhanced PDAC cell sensitivity to Gem and
decreased cell proliferation and migration. The clinical impli-
cations of these findings were investigated, and TCGA data-
base analysis showed that higher RRM1 expression is related
to poorer survival of PDAC patients. Considering the elevated
expression of RRM1 in PDAC tumors compared to the normal
pancreas, RRM1 would appear to be a promising target for
drug combinations to overcome GemR.
Differential proteomic analysis identified additional meta-

bolic alterations in MIA-GR8 cells that would impact drug
metabolism. Key enzymes relating to altered Gem metabolism
pathways included the ENT/CNT transporter family, as well as
DCK, NT5C, DTCD, CMPK1, and other RNR complex pro-
teins. Downregulation of ENT1 in MIA-GR8 cells would
decrease Gem uptake (79–81), and downregulation of DCK, in
parallel with upregulation of NT5C and DCTD, would decrease
the intracellular abundance of dFdCMP, a key precursor of the
triphosphorylated species that undergo DNA incorporation
(16, 63). The RNR complex was also upregulated in MIA-GR8
cells, suggesting enhanced DNA repair mechanisms (60) and
a weaker capacity for Gem incorporation into DNA (18, 19, 78).
Thus, the overall pattern of protein-level responses of the MIA-
GR8 cell line suggested that sustained Gem exposure
selected for adaptations in protein expression that would
reduce the intracellular concentrations of active Gem metab-
olites and elevate baseline expression of proteins in Gem
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metabolism pathways that would contribute to the GemR
phenotype.
Proteins comprising ‘drug-response mechanisms’ were

altered significantly in MIA-GR8 cells. Therefore, we tested the
hypothesis that additional GemR cell lines may possess or
develop similar adaptations to reduce Gem-induced stress,
such as modulation of proteins in Gem transport and meta-
bolism pathways that could decrease active Gem metabolites.
Multiple PDAC cell lines, showing a range of intrinsic GemR,
were analyzed. These included parental MIAPaCa-2, PANC-1,
and MIA-GR8 cells. Protein expression patterns suggested
that PANC-1 and MIA-GR8 cells would have decreased ca-
pacity for Gem accumulation compared to MIAPaCa-2 cells.
However, the molecular mechanisms of adaption to Gem may
differ; in the intrinsically GemR PANC-1 cell line (57, 58), the
predominating proteome-level changes tended toward those
that would decrease cellular accumulation of Gem, based
upon a sharper but delayed upregulation of DCTD, as well as
greater upregulation of RRM1. Both responses are consistent
with a relatively GemR phenotype. The highly GemR MIA-GR8
cell line also showed proteomic changes that would confer a
decreased capacity to accumulate Gem, based upon attenu-
ated induction of ENT1, unchanged DCK, a delayed but
greatly increased NT5C, which would counter RRM1 sup-
pression by Gem, and a robust increase in RRM2. Thus, global
proteomic analysis provided considerable comparative in-
sights into GemR mechanisms of PDAC cells and generated
additional testable hypotheses relating to the contribution of
specific protein-level responses to overall Gem sensitivity.
Our approach was to generate a series of GemR cell lines

from the relatively Gem-sensitive MIAPaCa-2 cell line, which
would be analogous to the clinical situation in which treat-
ment-naïve patients who initially have moderately Gem-
responsive tumors become resistant as a consequence of
therapeutic Gem exposure. Previous comparative proteomic
analyses have investigated GemR in various cancer models.
They differ in study objectives and experimental design,
employ different parental cell lines and patterns of drug
exposure, and utilize different analytical approaches and data
interpretation. Despite these differences in focus and meth-
odology, some commonalities have emerged from the study
of GemR PDAC cell lines. A previous work (82) generated
GemR cells from the intrinsically GemR cell line PANC-1 and
reported a number of observations similar to those presented
here. Although the magnitude of change in IC50 reported
previously was 6-fold, compared to the approximately 100-
fold reduction in Gem sensitivity reported here, that prior
work (82) did report alterations in acquired-GemR lines in the
expression of proteins associated with cell division, prolifer-
ation, and migration, particularly in the microtubule-
associated proteins that were a focus of that study. Howev-
er, the reported fold changes in expression of proteins
quantified differ in magnitude from this study and in some
cases, in the direction of change. This may reflect the use of
intrinsically drug-resistant parental cell lines versus more
drug-sensitive parental cell lines, as employed here, for the
generation of GemR mutants. The work presented here also
provided a number of functional experimental confirmations
and validated the role of Gem metabolic effectors such as
RRM1 in the GemR cells. Where concordance exists in the
two studies, it raises confidence in the capability of quanti-
tative protein-level expression analysis to provide valuable
insights into drug resistance mechanisms. Where they differ,
there is an opportunity to broaden our understanding of the
diversity and interplay of pharmacological response systems
in PDAC.
A limitation of the present study is that the depth of ancillary

experimental validation and informatic investigation of hy-
potheses necessary to present an integrated picture from the
diverse and interacting mechanisms of GemR observed pre-
cludes a similarly detailed investigation of all of the acquired-
GemR clones we developed. Some data show the additional
clones share characteristics of the MIA-GR8 clone, and the
comparative investigation of the intrinsically GemR PANC-1
versus the relatively Gem-sensitive MIAPaCa-2 provides
additional evidence that GemR mechanisms involving meta-
bolic alterations are shared across other PDAC lines. How-
ever, with the data obtained and hypotheses generated,
ongoing and future work should transition to evaluating the
clinical diversity of PDAC resistance mechanisms, which are
captured in libraries of patient-derived xenograft (PDX) models
developed by numerous groups, in which PDAC tumor frag-
ments have been implanted directly into immunodeficient
mice and have never been selected for growth in vitro. Each
PDAC PDX isolate recapitulates the full complexity of the
clinical disease and applying this comprehensive differential
proteomic analysis approach to multiple PDAC PDX models,
for which clinical outcomes are known, will provide the op-
portunity to extend our understanding of drug resistance
mechanisms as they exist or develop clinically. Such work is
guided by the hypotheses and findings of the present work
with the MIA-GR8 cell line, which has enabled us to explore in
considerable degree the complexity and parallel development
of multiple, interrelated GemR mechanisms.
A notable caveat to the interpretation of quantitative pro-

teomic analysis results is that the correlation between statis-
tically significant fold changes in protein abundance and
biologically significant effects on function are typically un-
known, necessitating functional validations. By their nature,
very large datasets themselves present challenges. Numerous
other biological processes showed proteome-level changes
as a result of Gem exposure, including vesicular transport,
lysosomal activity, and synthesis of biomass. Although the
focused investigation presented here provides experimental
validation and extension of numerous findings, we could not
pursue all leads provided by the data. Nonetheless, global
Mol Cell Proteomics (2022) 21(10) 100409 17
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differential proteomic analysis was successful in hypothesis
generation and testing key hypotheses. In future studies, our
depth of understanding of cellular drug response networks
could be improved by the integration of large-scale, compre-
hensive analysis of posttranslational modifications, given
reports that changes in phosphorylation and acetylation can
impact phenotypic aspects of GemR via changes in signal
transduction activity (69, 70, 82–85).
In conclusion, quantitative global proteomic analysis iden-

tified a wide range of GemR mechanisms within the large
number of differentially expressed proteins quantified in
mutant, highly GemR cell lines derived from a drug-sensitive
parental PDAC cell line and in PDAC cell lines that vary in
their intrinsic sensitivity to Gem exposure. The findings show
that GemR cells modulate multiple pathways to adapt to Gem-
induced stress. Responses in Gem metabolism pathways
were identified as a major contributor to GemR and changes in
the expression of key proteins both influence Gem respon-
siveness and suggest that targeting Gem metabolism
pathways with novel therapeutic combinations may improve
Gem efficacy.
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