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ABSTRACT

Purpose Multiple proteins are involved in activation and inac-
tivation of 2',2"-difluorodeoxycytidine (gemcitabine, dFdC). We
aimed to clarify the mechanism of dFdC resistance in a pancre-
atic cancer cell line by applying a combination of targeted
proteomic and metabolomic analyses.

Methods Twenty-five enzyme and transporter proteins and 6
metabolites were quantified in sensitive and resistant pancreatic
cancer cell lines, PK9 and RPK9, respectively.

Results The protein concentration of deoxycytidine kinase
(dCK) in RPK9 cells was less than 0.02-fold (29%) compared
with that in PK9 cells, whereas the differences (fold) were within
a factor of 3 for other proteins. Targeted metabolomic analysis
revealed that phosphorylated forms of dFdC were reduced to
less than 0.2% in RPK9 cells. The extracellular concentration of
2',2'-difluorodeoxyuridine (dFdU), an inactive metabolite of
dFdC, reached the same level as the initial dFdC concentration
in RPK9 cells. However, tetrahydrouridine treatment did not
increase phosphorylated forms of dFdC and did not reverse
dFdC resistance in RPK9 cells, though this treatment inhibits
production of dFdU.

Conclusions Combining targeted proteomics and metabo-
lomics suggests that acquisition of resistance in RPK9 cells is
due to attenuation of dFdC phosphorylation via suppression
of dCK.

Electronic supplementary material The online version of this article
(doi: 10.1007/s11095-012-0728-2) contains supplementary material,
which is available to authorized users.
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ABBREVIATIONS

ABC ATP binding cassette

BCRP breast cancer resistance protein

CDA cytidine deaminase

CNT concentrative nucleoside transporter
CTPS cytidine 5'-triphosphate synthetase

dCK deoxycytidine kinase

DCTD deoxycytidylate deaminase

dFdC 2'2'-difluorodeoxycytidine or gemcitabine
dFdCDP  gemcitabine diphosphate

dFdCMP  gemcitabine monophosphate

dFdCTP  gemcitabine triphosphate

dFdU 2'2"-difluorodeoxyuridine

dFdUMP  2',2'-difluorodeoxyuridine monophosphate
ENT equilibrative nucleoside transporter

Fara- 9-beta-D-arabinofuranosyl-2-fluoroadenine
AMP monophosphate

LC-MS/  liquid chromatography-tandem

MS mass spectrometer

MDRI multidrug resistance protein |

MRM multiple reaction monitoring

MRP multidrug resistance-associated proteins
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5-NT cytosolic 5-nucleotidase

RRM | ribonucleotide reductase subunit |
RRM2 ribonucleotide reductase subunit 2
THU tetrahydrouridine
INTRODUCTION

Pancreatic cancer has an extremely poor prognosis, with
a median survival time of only 8.6 months (1). 2,2’
Difluorodeoxycytidine (gemcitabine, dFdC) is currently
the standard chemotherapeutic drug for metastatic and
advanced pancreatic cancer, but affords only a modest
improvement in survival (2—4). One of the reasons for
the poor response to dFdC is thought to be acquired
resistance (5).

Various proteins are considered to influence the anti-
cancer effect of dFdC, as shown in Fig. 1. Equilibrative or
concentrative nucleoside transporters are involved in trans-
port of dFAC across the plasma membrane (6,7). dFdC is
phosphorylated intracellularly via multiple steps, and the tri-
phosphate (dFdCTP) inhibits DNA synthesis by interfering
with incorporation of endogenous dCTP into DNA (8-10).
The diphosphate (dFACDP) is also an active metabolite,
inhibiting ribonucleotide reductase; this results in a decrease
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Fig. 1 Schematic illustration of transport and metabolism of dFdC. The
indicated transporter and enzyme proteins, and compounds surrounded by
a solid square were quantified by LC-MS/MS. As ATP binding cassette (ABC)
transporters, multidrug resistance protein | (MDRI), multidrug resistance-
associated proteins (MRPs) and breast cancer resistance protein (BCRP) were
quantified. dFdCMR dFdC monophosphate; dFdCDPR dFdC diphosphate;
dFdCTR dFdC triphosphate; dFdU, 2',2"-difluorodeoxyuridine; dFdUMP,
dFdU monophosphate; ENT, equilibrative nucleoside transporter; CNT,
concentrative nucleoside transporter; CDA, cytidine deaminase; dCK, deox-
yoytidine kinase; 5'-NT, cytosolic 5-nuclectidase; DCTD, deoxycytidilate
deaminase; RRM I, ribonucleotide reductase subunit |; RRM2, ribonuclectide
reductase subunit 2; CTPS, CTP synthetase.

of intracellular dC'TP, thereby suppressing DNA synthesis
(11).

Given the multiplicity of proteins that may influence the
anti-cancer effect of dFdC, it is not surprising that analyses
of single proteins have yielded conflicting results. Equilibra-
tive nucleoside transporter 1 (ENT1) plays a role in trans-
port of dFdC into the cells, and higher expression of ENT1
was found to increase the sensitivity of cells to dFdC (12—-14).
Further, reduced expression of ENT1 gene was reported to
correlate with shorter survival of pancreatic cancer patients
(15). On the other hand, it was reported that resistant pan-
creatic cell lines expressed more ENT1 mRNA than sensitive
cell lines, and suppression of ENT1 mRNA did not affect
dFdC sensitivity in a pancreatic cancer cell line (16,17). The
mRNA expression ratios of multiple molecules, including
ENT1, deoxycytidine kinase (dCK) and ribonucleotide reduc-
tase, but not the individual expression levels, were found to be
correlated with sensitivity to dFAC in several pancreatic can-
cer cells (18). These reports demonstrate the importance of
systematic and comprehensive analysis to understand the
mechanisms of dFdC resistance.

Evaluation of mRNA expression profile is one approach
to the systematic analysis of anti-cancer resistance. Howev-
er, mRNA expression does not always correlate with protein
expression or function (19). Indeed, the mRNA level of dCK
was reported not to correlate with the enzyme activity in
leukocytes (20). Recently, however, it has become possible to
quantify multiple proteins with high sensitivity using liquid
chromatography-tandem mass spectrometer (LC-MS/MS)
with multiple reaction monitoring (MRM) in combination
with mn silico selection of probe peptides (21). This method
can measure changes in the expression of more than 30
proteins simultaneously. Therefore, we adopted this tar-
geted approach to quantify the absolute amounts of various
proteins considered to be potentially involved in dFdC resis-
tance, in order to clarify changes in the protein network asso-
ciated with drug resistance.

The activity of proteins is affected not only by protein
expression levels, but also by activity per molecule. Variants
in dCK or cytidine deaminase (CDA) have been reported to
show decreased enzymatic activity and to modify cellular
sensitivity to dFdC (22,23). Thus, it is also important to
analyze metabolites. Since the distribution of each metabo-
lite results from multiple processes, including uptake, efflux,
phosphorylation and inactivation by transporters and
enzymes, the combination approach to systematic analysis
of target proteins and target metabolites shown in Fig. 1 is a
rational strategy to identify proteins and processes that are
involved in dFdC resistance.

Therefore, in the present study, our aim was to identify
protein(s) and process(es) involved in acquisition of resistance
to dFdC by comparing the amounts of multiple proteins and
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metabolites in dFdC-sensitive and resistant pancreatic cancer
cell lines, using quantitative targeted proteomics and quanti-
tative targeted metabolomics.

MATERIALS AND METHODS
Reagents

dFdC was purchased from SynChem (Felsberg, Germany).
2',2'-Difluorodeoxyuridine (dFdU) and gemcitabine mono-
phosphate (dFdCMP) were purchased from Toronto Research
Chemicals (Ontario, Canada). dFdCDP and dFdCTP were
purchased from JenaBioScience (Jena, Germany). Tetrahy-
drouridine (THU) was purchased from Calbiochem (Darm-
stadt, Germany). 9-beta-D-Arabinofuranosyl-2-fluoroadenine
monophosphate (Fara-AMP) was purchased from LK'T Labs
(Saint Paul, MN, USA). DCK protein was purchased from
Abcam (Cambridge, UK). All peptides listed in Tables S1 and
S2 were purchased from Thermo Fisher Scientific (Sedan-
trabe, Germany). All other reagents were commercial products
of analytical grade.

Cell Culture and Subcellular Fractionation

Two human pancreatic adenocarcinoma cell lines, PK9 and
RPK9, were established in the Division of Hepato-Biliary
Pancreatic Surgery, Department of Surgery, Graduate School
of Medicine, Tohoku University (Sendai, Japan). RPK9 was
developed by continuously exposing PK9 cells to dFdC, with a
starting concentration of 1 ng/ml (ICs, value of PK9), fol-
lowed by stepwise increases to 1000 ng/ml. These cells were
seeded onto non-coated tissue culture dishes (BD Biosciences
Bedford, MA, USA) at the concentration of 1.5X% 10* cells/
cm?, and cultured in RPMI1640 (Invitrogen, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS)
(Moregate, Bulimba, Australia) at 37°C in a humidified at-
mosphere of 5% COq in air. RPK9 cells retained more than
8% 10*-fold resistance to dFdC, as compared with PK9 cells,
and no change in the growth rate or shape of cells was
observed during culture for more than 6 passages in medium
without dFdC. The culture medium was exchanged every
2 days. PK9 and RPK9 cells in log growth phase were centri-
fuged and washed with phosphate-buffered saline (PBS). The
pellet was suspended in a buffer of 50 mM Tris—-HCI (pH 7.4),
containing 500 puM phenylmethylsulfonyl fluoride (PMSF)
and 2 mM dithiothreitol (DTT). The cells were placed in a
chamber (Central Scientific Commerce, Tokyo, Japan) under
a nitrogen pressure of 800 p.s.., for 15 min at 4°C and cell
lysis was performed by rapid decompression. After centrifu-
gation at 100,000 g for 60 min at 4°C, the cell supernatant
(cytosolic fraction) and precipitate (membrane fraction) were
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used for quantification of enzyme and transporter proteins,
and the cytosolic fraction was assayed for dFdC-
phosphorylating, dFdCMP-dephosphorylating and dCK

activities.

Quantification of Metabolites by MRM Analysis
with LC-MS/MS

Cells were preincubated in drug-free medium for 24 h, then
incubated with 1 uM dFdC or 1 uM dFdC and 500 uM THU
for 10 min, or 1, 6, 12 or 24 h. The medium was centrifuged at
20,130 g for 5 min at 4°C.. As an internal standard, 10 pmol of
Fara-AMP in acetonitrile containing 2% formic acid was
added to the supernatant. Cells were washed with PBS and
lysed with 0.2 N NaOH. The lysate was neutralized with 1 N
HCI, then 2% formic acid in acetonitrile containing 10 pmol
of Fara-AMP was added. Each sample of medium and cell
lysate was centrifuged at 20,130 g for 5 min at 4°C. The
supernatant was dried under vacuum, resolubilized in 0.1 %
formic acid in water and analyzed by LC-MS/MS.

Sample analysis was automated by coupling a triple quad-
rupole mass spectrometer (QTRAP5500, AB Sciex, Foster
City, CA, USA) to an Agilent 1200 high-performance liquid
chromatography (HPLC) system (Agilent Technologies, Palo
Alto, CA, USA). Briefly, 50 pl of each sample was injected onto
a reversed-phase HPLC column (XDB-C18; 150%x2.1 mm 1.
D.; particle size 5 pm; Agilent). Dihexylammonium acetate
(DHAA) (Tokyo Chemical Industry, Tokyo, Japan) and ammo-
nium formate were used to separate analytes; for conditions, see
Tables S3 and S4. Peaks detected at non-target MRM transi-
tions amounted to less than 3% of the peak of each authentic
compound (10 pmol per injection) at the target MRM transi-
tion, taken as 100%, for all compounds. All compounds were
quantified within the range of the calibration curves (R?>0.99).

Quantification of Proteins by Multiplexed MRM
Analysis with LC-MS/MS

The peptide probe for each protein was selected based on
i silico criteria as described (21). The absolute amounts of
proteins were determined by means of the multiplexed MRM
method as described (21). The amino acid sequences and m/z
values of the precursor ion and four product ions for each
targeted protein are given in Tables S1 and S2. Prepared
cytosolic and membrane fractions of cells were alkylated and
digested with trypsin according to the reported method
(21,24). The tryptic digests were acidified with formic acid
and 100 fmol of isotope-labeled peptides was spiked into
100 pg of the digest to provide internal references, then the
digests were analyzed by LC-MS/MS.

The sample analysis was automated by coupling a triple
quadrupole mass spectrometer (Q'TRAP5500, AB Sciex) to
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an Agilent 1200 HPLC system (Agilent Technologies). Each
sample was injected onto a reversed-phase HPLC column
(500%0.53 mm LD., prepared in a fused silica capillary,
provided by Shiseido); for conditions, see Table S5. Multiple
products derived from single peptides were monitored at
specific m/z transitions (Tables S1 and S2). Individual signal
peaks were identified on the basis of equal retention times in
each transition of multiple product ions.

Enzyme Activity

The reaction mixture (450 pl) for phosphorylating activity
consisted of 50 mM Tris—HCI buffer (pH 7.4), 10 mM ATP,
10 mM MgCly, 10 mM NaF, 500 uM THU and 50 pM
dFdC (for dFdC-phosphorylating activity) or 50 pM dCyd (for
dCK activity). The reaction mixture (450 pl) for dFdCMP-
dephosphorylating activity consisted of 50 mM Tris—HCI
buffer (pH 7.0), 10 mM MgCl,, 100 mM KCI, 5 mM DTT,
0.2 mg/ml BSA and 200 uM dFAdCMP. Fifty ul of cytosolic
fraction was added to the reaction mixture, and the final
mixture was incubated at 37°C for 10 min, 1 h or 6 h. The
reaction was stopped by the addition of cold 5% formic acid
in acetonitrile containing 10 pmol of Fara-AMP as an internal
standard (500 pl), and samples were centrifuged at 20,130 g
for 5 min at 4°C. A 100 pl aliquot of the supernatant was
dried under vacuum, and the residue was taken up in 0.1 %
formic acid in water and analyzed by LC-MS/MS.

Cytotoxicity Assay

The growth-inhibitory effect of dFAC on each cell line was
assessed by means of colorimetric assay using a Cell Counting
Kit (Dojindo, Kumamoto, Japan). Briefly, the cells were seed-
ed on 96-well plates (1.6x 10" cells/cm?) in culture medium
containing 10% FBS. After 24 h, the cells were incubated with
dFdC (0-3 mM) or with dFdC and 500 uM THU for 72 h,
and then the cell viability was determined according to the
manufacturer’s instructions. Absorbance was measured at
450 nm with a microplate reader (Model 680, Bio-Rad Lab-
oratories, Hercules, CA, USA). The IC5(, value was estimated
by plotting cell viability versus drug concentration.

Reverse-Transcription Polymerase Chain Reaction
(RT-PCR) Assay

RNA was isolated from PK9 and RPK9 cells by means of
standard procedures using TRIZOL reagent (Invitrogen,
Carsbad, CA). Contaminating genomic DNA was digested
with DNase I (Takara, Shiga, Japan), and cDNA was syn-
thesized from 5 pg RINA in a volume of 12.5 pL. with oligo-
dT primer using ReverTra Ace (Toyobo, Osaka, Japan).
Primers for PCR were as follows: dCK (forward 5'-
TCTCTGAATGGCAAGCTCAA-3', reverse 5'-CTATG

CAGGAGCCAGCTTTC-3"), and P-actin (forward 5'-
TTTGAGACCTTCAACCACCCC-3', reverse 5'-
GTAGCTCTTCTCCAGGGAGG-3'). ¢cDNA fragments
were amplified under the following conditions: 94°C for
2 min, then 30 cycles of 98°C for 30 s, 58°C for 30 s, 72°C
for 1 min. The PCR products were separated using 2.0%
agarose gel electrophoresis and bands were visualized with an
EPIPRO 7000 (Aisin, Aichi, Japan).

Data Analysis

The ion counts in the chromatograms were determined using
the quantitation procedures in the Analyst software package
version 1.5 (AB Sciex). dFdC metabolites were quantified by
calculating the ratios of the peak areas to that of Fara-AMP
(internal standard). To obtain the amounts of target proteins,
the peptides were quantified by calculating the ratios of the
peak areas to those of isotope-labeled peptides as described
previously (21). All data are presented as the mean = SEM.

RESULTS

Intracellular dFdC and Phosphorylated dFdC in PK9
and RPK9 Cells

Pancreatic cancer cell line PK9 acquired dFdC resistance
during exposure to dFdC. The IC5, value of the resistant cell
line, RPK9, was 2.8 x 10°-fold greater than that of PK9 cells.
The amounts of dFdC and phosphorylated dFFdC in cytosolic
fraction of PK9 and RPK9 cells were compared after expo-
sure to dFdC (Fig. 2). More than 10 pmol/mg protein of
intracellular phosphorylated dFdC was detected in PK9 cells
(Fig. 2b-d open circles), while in RPK9 cells, phosphorylated
dFdC was below the detection limit (<0.1 pmol/mg protein)
(Fig. 2b-d closed circles). This suggests that a decrease in
phosphorylated dFdC metabolites was associated with dFdC
resistance in RPK9 cells.

The amount of intracellular dFdC was also decreased to
30.1% i RPK9 cells compared to PK9 cells (Fig. 2a closed
and open circles). The total amounts of intracellular dFdC
and phosphorylated dFdC were decreased in RPK9 cells to
less than about 4% of those in PK9 cells (under 8.41 pmol/mg
protein and 206 pmol/mg protein after 12 h exposure).

Protein Levels of Enzymes and Transporters in PK9
and RPK9 Cells

The absolute protein concentrations of the transporters and
enzymes shown in Fig. 1 were quantified and compared in
the two cell lines (Tables I and II). The protein concentra-
tion of dCK in RPK9 cells was less than 0.02-fold compared
with that in PK9 cells. The protein concentrations of CDA
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and de novo enzymes, such as ribonucleotide reductase sub-  Uptake of dFdC into PK9 and RPK9 Cells

unit 1 (RRM1), cytidine 5'-triphosphate synthetase 1 and 2

(CTPSI and 2), were significantly greater in RPK9 cells. ~ The amount of dFdC in the medium was determined to
Among the transporters, the protein concentrations of  examine the involvement of ENTI1 in the uptake of
ENT1 and multidrug resistance-associated proteins 1 and  dFdC (Fig. 3). The amount of dFdC was not significantly
4 (MRP1 and 4) in RPK9 were significantly greater than  different between the two cell lines after exposure to
those in PK9 cells. There were no significant differences  dFdC for 10 min to 12 h. More than 99% of initial
between the two cell lines in the protein concentrations of ~ dFdC was eliminated from the medium after 24 h in both
the other enzymes and transporters examined. cases.

Table | Protein Expression Levels of Enzymes in Cytosolic Fraction of PK9 and RPK9 Cells

Quantified protein Protein concentration (fmol/ug protein) Ratio of protein concentration

between RPK9 and PK9 (fold)
PK9 RPK9

dCK 0.477+0.047 <0.0l <0.0210

UMP-CMP kinase 6.17+0.23 7.01=0.39

CDA 0.276=0.018 0.454+0.032 ** |.64

DCTD [.12=0.04 1.27=0.07

cN-IA <0.05 <0.05

cN-IB <0.05 <0.05

cN-II 2.38%+0.22 1.95+0.21

cN-IIl 0.730+0.083 0.635=0.165

RRMI 1.33=0.01 2.52£0.06 ** 1.89

RRM2 <0.10 <0.10

CTPSI 2.03=0.06 2.54=0.10 ** 1.25

CTPS2 0.489=0.019 0.593+0.025 * [.21

Cytosolic fraction from PK9 and RPK9 cells (50 ug protein), spiked with 100 fmol of stable isotope-labeled peptide mixture, was injected into LC-MS/MS. The
quantitative value (fmol/jug protein) was calculated from the peak area ratio of target and stable isotope-labeled peptide in each MRM transition. The amount of each
enzyme was determined as the average from three or four MRM transitions with signal peaks. The protein amount of each enzyme in each sample is shown as
mean = SEM (n=3-4). If the value was below the limit of quantification, the value of the quantification limit was used. **p < 0.0 and *p <0.05, significantly greater
than the value in PK9 cells (Student's t test). The ratios of quantitative values in RPK9 to PK9 are shown on the right
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Table Il Protein Expression Levels of Transporters in Membrane Fraction of PK9 and RPK9 Cells

Quantified protein

Protein concentration (fmol/ug protein)

Ratio of protein concentration

between RPK9 and PK9 (fold)

PK9 RPK9

ENTI 1.92+0.08 2.59+0.06 ** .35
ENT2 <2.00 <2.00

CNTI <0.20 <0.20

CNT2 <0.20 <0.20

CNT3 <0.20 <0.20

MRP| 1.39=0.16 230x0.25* .65
MRP2 0.504x0.115 0.561 =0.060

MRP3 <0.20 <0.20

MRP4 0.508=0.055 [.14+0.05 ** 2.24
MRP5 <2.00 <2.00

MRP6 <0.20 <0.20

MDRI <0.20 <0.20

BCRP 0.352+0.040 0.376 =0.026

Membrane fraction from PK9 and RPK9 cells (50 g protein), spiked with 100 fmol stable isotope-labeled peptide mixture, was injected into LC-MS/MS. The
quantitative value (fmoljug protein) was calculated from the peak area ratio of target and stable isotope-labeled peptides in each MRM transition. The amount of
each transporter was determined as the average of three or four MRM transitions with signal peaks. The protein amount of each transporter in each sample is
given as mean = SEM (n=3-4). If the value was below the limit of quantification, the value of the quantification limit was used. **p <0.01, *» <0.05, significantly
greater than quantitative value in PK9 cells (Student’s t test). The ratios of quantitative values in RPK9 to PK9 are shown on the right

Inactivation of dFdC by PK9 and RPK9 Cells

The amount of dFdU, one of the inactivated metabolites of
dFdC, in the cells and medium was compared between PK9
and RPK9 cells, since total intracellular dFFdC and phos-
phorylated dFdC were decreased in RPK9 cells. As shown
in Fig. 4, in the case of RPK9 cells, extracellular dFdU was
significantly increased, reaching a plateau at 1.63 X
10° pmol/well after 12 h; this is equal to the amount of
dFdC initially present in the medium (1.63x10° pmol/
well). In the case of PK9 cells, extracellular dFdU was
equivalent to 35.9% of initial dFdC after 12 h. The amount
of intracellular dFdU in RPK9 cells was smaller than that in
PK9 cells. These results indicated that almost all dFdC was
inactivated to dFdU and efficiently secreted into the medium
by RPK9 cells.

Inhibition of Inactivating Enzyme for dFdC in RPK9
Cells

To clarify the contribution of induction of dFdC inac-
tivation by CDA to the resistance, the effect of treat-
ment with THU, a CDA inhibitor, was examined. THU
treatment decreased the amount of dFdU in the medi-
um of RPK9 cells to a level equivalent to 2% of initial
dFdC (Fig. 4a), and intracellular dFdU was below the
detection limit (<0.1 pmol/mg protein). Therefore,

THU treatment efficiently inhibited the inactivation of
dFdC to dFdU.

THU treatment increased intracellular dFdC by 1.2—
1.4 fold, but the intracellular levels of phosphorylated
forms of dFdC in RPK9 cells were below the detection
limit (<0.1 pmol/mg protein), as was the case in untreat-
ed cells (Fig. 2 closed squares and circles). As shown in
Fig. 3, almost all of the initial dFAC remained intact in
the medium at least up to 24 h in the presence of THU
(Fig. 3 closed square). These results indicate that sup-
pression of dFdC phosphorylation, but not induction of
dFdC inactivation, is likely to be responsible for acquisition
of resistance in RPK9 cells.

2000
1600
1200
800
400
0+ . - ; 0
0 6 12 18 24
Time (hr)

dFdC (pmol / well)

Fig. 3 Extracellular levels of dFdC in PK9 and RPK9 cells. After incubation of
PK9 cells (open circle) or RPK9 cells (closed circle) with dFdC or RPK9 cells with
dFdC in the presence of THU (closed square), extracellular levels of dFdC was
measured at |0 min, | h, 6 h, 12 h and 24 h incubation. Values are mean =
SEM (n=3).
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Fig. 4 Extracellular and intracellular levels of dFdU in PK9 and RPK9 cells. After incubation of PK9 cells (open circle) or RPK9 cells (closed circle) with dFdC or
RPK9 cells with dFdC in the presence of THU (closed square), () extracellular and (b) intracellular levels of dFdU was measured at |0 min, | h, 6 h, [2hand 24 h.
Values are mean =+ SEM (n=3). Intracellular dFdU in RPK9 cells incubated with dFdC and THU was below the detection limit (0. pmol/mg protein).

Phosphorylation and Dephosphorylation of dFdC
and its Monophosphate

Next, dFdC-phosphorylating activity and dFdCMP-
dephosphorylating activity were examined using cell extract
(25,26). As shown in Table III, dFdC-phosphorylating activity
was decreased in RPK9 cells by more than 7.27-fold com-
pared to PK9 cells. In contrast, dFdCMP-dephosphorylating
activity was not significantly different in the two cell lines.
Furthermore, phosphorylating activity towards dCyd, a spe-
cific substrate for dCK, was also analyzed to confirm that the
decrease in dFdC phosphorylation in RPK9 cells was caused
by suppression of dCK activity. The dCyd-phosphorylating
activity in RPK9 cells was also decreased by more than
94.6%.

Supression of dCK mRNA Expression in RPK9 Cells

mRNA expression of dCK were compared in PK9 and RPK9
cells by means of RT-PCR (Fig. 5). A band of the expected
size for dCK (326 bp) was detected in the case of PK9 cells,
whereas no such band was detected for RPK9 cells, indicating
that dCK expression was greatly suppressed in RPK9 cells as

Table Il Phosphorylation and Dephosphorylation Activities in PK9 and
RPK9 Cells

Reaction Enzyme activity

(pmol/min/mg protein)

PK9 RPK9
Phosphorylation of dFdC to dFdCMP .01 £0.05 <0.14
Dephosphorylatrion of dFdCMP to dFdC 523+19 672+54
Phosphorylation of dCyd to dCMP 9.20+2.00 <0.50

Enzyme activities represents mean = SEM (n=3). The amount of dFdCMP
and dCMP produced by phophorylation of dFdC and dCyd, respectively,
were below the detection limit in RPK9 cells. The lowest value in each
calibration curve was taken as the detection limit
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compared with PK9 cells in terms of mRINA, as well as protein
expression and activity. The band intensity of f-actin was the
same for PK9 and RPK9 cells, and no band was detected in
the absence of reverse transcription.

Recovery of dFdC Phosphorylation upon Addition
of dCK Protein

dCK protein was added to RPK9 cell extract to examine
whether dCK could restore the dFdC-phosphorylating activity
(Fig. 6). The amount of dFdCMP was below the limit of
quantification in RPK9 cells when dCK was not added. When
dCK protein purchased from Abcam (Cambridge, UK;
ab99520) was added at the same concentration as in PK9 cells
(0.477 fmol/pg protein, Table I), the amount of dFdCMP in
RPKO cells was increased to 385+ 11 pmol/mg protein, which
corresponds to 81.6% of that in PK9 cells.

Effect of CDA Inhibition by THU on dFdC Cytotoxicity

The effect of THU on the cytotoxicity of dFdC was exam-
ined (Table IV). In the absence of inhibitor, the IC5q value
of dFdC for RPK9 cells was more than 1 mM, i.e., more
than 2.8 % 10°-fold greater than that for PK9 cells (3.53 nM).
In the presence of THU, the IC5, for RPK9 cells remained
above 1 mM.

Production of dCTP by De Novo Enzymes in PK9
and RPK9 Cells

The amounts of intracellular dCTP in PK9 and RPK9 cells
were compared to examine the influence of induction of de novo
enzymes (Fig. 1). As shown in Table V the intracellular dCTP
level was significantly increased in RPK9 cells by 2.09-fold
compared with PK9 cells.
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PK9 RPK9
RT(+) RT() RT(+) RT(-)
dCK

(350 bp)

Fig. 5 mRNA expression of dCK in PK9 and RPK9 cells. Total RNA was
isolated from the cells, reverse-transcribed and amplified (30 cycles) using
primers for dCK and B-actin. Products were separated by gel electrophoresis

and visualized. RT(+), with reverse transcription; RT(—), without reverse
transcription (control).

DISCUSSION

The present study has established that the acquisition of dFdC
resistance by RPK9 cells is due at least in part to attenuation
of dFdC phosphorylation as a result of decreased expression of
dCK; this was achieved by combining targeted proteomics
and metabolomics, which offer higher sensitivity than global
proteomics and metabolomics (27,28). In the present study,
we were able to quantify 9 enzymes, 5 membrane transporters
and 6 metabolites among those shown in Fig. 1, and compare
their amounts in dFdC-sensitive and resistant cells. The
changes in protein expression in RPK9 cells versus PK9 cells
suggested four possible processes that might be involved in
acquisition of dFdC resistance; 1) attenuation of dFdC phos-
phorylation via suppression of dCK, ii) facilitation of dFdC
inactivation to dFdU by induction of CDA, iii) facilitation of
dCTP production by induction of ribonucleotide reductase

500 1

()]

£ 4001 —

[e)

g 300 1

o

o 9

g 200

o 100 1

5 0 . N.D. .

PK9 RPK9 RPK9

+dCK
protein

Fig. 6 Production of dFdCMP from dFdC in cell extracts of PK9 and
RPK9. After incubation of cell extracts (20 ug) of PK9 (open column) and
RPK9 (closed column) with dFdC in the presence or absence of dCK
protein (9.54 fmol) for 6 h, the amounts of dFdCMP were determined.
Values are mean = SEM (n=3). N.D. means below the detection limit
(<50 pmol/mg protein).

Table IV Comparison of ICsg Values of dFdC in PK9 and RPK9 Cells

Cell Inhibitor ICs0 (NM) Resistance ratio

PK9 - 3.53+0.82 |

RPK9 - >1.0x10° >2.8x10°
500 uM THU >1.0x10° >2.8x10°

Growth inhibition was determined as described in Materials and Methods.
The ICsq value in PK9 cells is the mean = SEM (n=8). Resistance ratio is
the ratio of the ICsq value to that of the parental PK9 cell line

and C'TPS, and 1v) attenuation of dFdC uptake or facilitation
of metabolites excretion by induction of ENT'1 and/or MRPs.
The most dramatic change was the decrease in dCK expres-
sion, and therefore attenuation of dFdC phosphorylation is
likely to have been a key process for acquisition of resistance
by RPK9 cells. However, we can not rule out a contribution of
the other three processes.

The targeted metabolomic analysis showed that dFdC
phosphorylation was strongly attenuated in RPK9 cells, and
also showed almost all dFdC was converted to dFdU and
excreted into the medium. While these processes involve
many enzyme and transporter proteins, the attenuation of
dFdC phosphorylation is consistent with dCK suppression,
and the conversion to dFdU and excretion are consistent with
induction of CDA, MRP4 and ENT1. Although it is not yet
known whether dFdU is a substrate of MRP4 or EN'T'1, these
results do show that the combination of targeted proteomics
and metabolomics is a potent tool to identify altered processes
and proteins in complex systems based on changes in protein
expression and metabolite levels.

Treatment with THU did not restore the dFdC sensitivity
of RPK9 cells, and did not increase intracellular levels of
phosphorylated forms of dFAC (Fig. 2). THU treatment of
RPKO9 cell extract also did not increase dFdCMP level, where-
as addition of dCK protein to RPK9 cell extract did increase
the dFACMP level (Fig. 6). Therefore, in RPK9 cells, CDA

Table V Intracellular Levels of dCTP in PK9 and RPK9 Cells in the
Presence of dFdC

Time Concentration of dCTP (pmol/mg protein)
PK9 RPK9

10 min 39.8+3.7 752£54 **

I h 32429 68.1 =5.8 **

6h 379+1.8 65.4+6.6*

12 h 32333 64.2 3.5 **

24 h 29.1 = 1.1 60.9 £3.7 **

PK9 and RPK9 cells were incubated with dFdC, and the intracellular concen-
tration of endogenous dCTP was measured by LC-MS/MS. Quantitative
values (pmol/mg protein) are mean = SEM (n=3). **»<0.01 and *p <
0.05, significantly greater than in PK9 cells (Student’s t test)
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induction would not be a determinant of resistance acquisi-
tion, and conversion to dFdU was enhanced due to the lack of
dFdC phosphorylation resulting from suppression of dCK
expression (Tables I and III). Funamizu ef al. demonstrated
that treatment with THU increased the dFdC sensitivity of
one pancreatic cancer cell line (BxPC-3), but did not affect the
dFdC sensitivity of two other lines (Panc-1, MiaPaCa-2) (29).
The present results raise the possibility that CDA inhibition
did not increase phosphorylated forms of dFdC in Panc-1 and
MiaPaCa-2 due to low dFdC phosphorylation activity, as was
the case in RPK9 cells. In contrast, dCK mRNA expression in
BxPC-3 cells was reported to be greater than in Panc-1 or
MiaPaCa-2 cells, so BxPC-3 cells are expected to have high
dFdC phosphorylation activity, and therefore CDA inhibition
would increase the phosphorylated forms of dFdC.

ENT1 transports dFdC, and its protein expression was
induced in RPK9 cells (6). Induction of ENTT is expected to
facilitate dFdC uptake, which would seem inconsistent with
acquisition of resistance by RPK9 cells. Previous studies have
yielded inconsistent results concerning the relation between
ENT1 expression and acquisition of resistance (12—16). Elimi-
nation of dFdC from the medium was not changed in RPK9
cells, suggesting that intracellular metabolism, but not uptake
from the medium, is the rate-limiting step for dFdC elimina-
tion. If this is so, the 1.35-fold induction of ENT'1 would not
have played a major role in acquisition of resistance by RPK9
cells. Nishio et al. reported that loss of localization of ENT2 in
plasma membrane led to a decrease in uptake of dFdC and
sensitivity in MiaPaCa?2 cells (30). However, neither ENT?2 nor
ENT1 played a major role in acquisition of resistance by RPK9
cells, based on our findings on dFdC elimination from
the medium. These results underline the importance of system-
atic analysis of multiple components to reliably identify key
processes.

The protein expression level and activity of dCK were
decreased by more than 98% and 90%, respectively, in
RPKO cells, and the decrease in the amount of phosphorylated
dFdC in RPKO9 cells was less than 0.3% when CDA was
inhibited (Fig. 2, Tables I and III). dCK mRNA expression
was also suppressed in RPK9 cells (Fig. 5). This good correla-
tion among protein, activity and mRINA suppression in RPK9
supports the validity of protein quantification by means of the
multiplexed-MRM method.

Kazuno e al. suggested that dCK activity was decreased by
about 30% in pancreatic cancer cells with acquired resistance,
MiaPaCa-2/dFdCyd, due to gene mutation, though there
was no decrease in expression level (26). In RPK9 cells, the
decrease in dCK activity might be explained by the decrease
in protein expression, since the values of percent decrease
were similar. However, the possibility of dCK gene mutation
in RPK9 cells cannot be ruled out.

As a means to overcome dFdC resistance in RPK9 cells,
exposure to dFACMP might be expected to bypass the
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suppression of dFdC phosphorylation in RPK9 cells. However,
53% of dFdCDP was converted to dFdC by dephosphoryla-
tion in the medium within 24 h at 37°C (data not shown),
suggesting that dFdACMP in the medium might also be con-
verted to dFdC. Also, the mechanism of dFdCMP uptake into
the cells is unknown. On the other hand, induction of dCK
activity might be an effective way to overcome dFdC resis-
tance. Indeed, addition of dCK protein restored the conver-
sion of dFdC to dFdCMP in RPK9 cell lysate (Fig. 6). Several
of the enzymes and transporters that showed changes of pro-
tein expression in present targeted proteomic analysis, such as
ENTI1, MRP4, dCK, CDA and ribonucleotide reductase,
have previously been suggested to play roles in acquisition of
dFdC resistance (16,17,26,27,31-34). Therefore, it would not
be surprising if different processes involving those proteins
contribute to acquisition of dFdC resistance, depending on cell
type or patients’ background. The present results suggest that
targeted proteomics can provide important expression infor-
mation about related proteins to improve our understanding of
complex processes of anti-cancer drug resistance. Further-
more, targeted proteomics by means of multiplexed-MRM
can quantify targeted proteins with higher specificity than
antibodies, since each target peptide is distinguished by mass
information (m/z), and the peptide specificity can be con-
firmed by protein-database search. In addition, we found that
a commercially available antibody against human dCK pro-
tein was not sufficiently sensitive to detect dCK protein in PK9
cells by western blotting (data not shown), though multiplexed-
MRM could do so (Table I). This suggests the present targeted
proteomics technology is sufficiently sensitive to quantify pro-
teins related to dFdC resistance in cultured cells, and it may
also be suitable for similar investigation of cancer tissues.

CONCLUSION

The present study serves as a model to show that mechanisms
of nucleoside analog resistance can be clarified by targeted
proteomic and metabolomic analyses using mass spectrome-
try, notwithstanding the great complexity of cellular pathways
that may potentially be involved. Although we focused here
on acquired resistance to gemcitabine in a single cell line, the
present strategy should also be suitable for investigation of
other cell lines and cancer tissues to clarify mechanisms of
resistance to other anticancer drugs. It is also expected to aid
the development of ways to overcome dFdC resistance, and to
improve pancreatic cancer chemotherapy by allowing predic-
tion of sensitivity to dFdC.
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