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Severe Drug Toxicity Associated with a Single-Nucleotide
Polymorphism of the Cytidine Deaminase Gene in a

Japanese Cancer Patient Treated with
Gemcitabine plus Cisplatin

Kan Yonemori,' Hideki Ueno,” Takuji Okusaka, Noboru Yamamoto,” Masafumi keda,' Nagahiro Saijo,
Teruhiko Yoshida,® Hiroshi Ishii,* Junji Furuse,* Emiko Sugiyama,® Su-Ryang Kim,® Ruri Kikura-Hanajiri,®
Ryuichi Hasegawa,® Yoshiro Saito,® Shogo Ozawa,® Nahoko Kaniwa,® and Jun-ichi Sawada®

Abstract Purpose: We investigated single-nucleotide polymorphisms of the cytidine deaminase

gene (CDA), which encodes an enzyme that metabolizes gemcitabine, to clarify the relationship
between the single-nucleotide polymorphism 208G>A and the pharmacokinetics and toxicity of
gemcitabine in cancer patients treated with gemcitabine plus cisplatin.

Experimental Design: Six Japanese cancer patients treated with gemcitabine plus cisplatin
were examined. Plasma gemcitabine and its metabolite 2/, 2-difluorodeoxyuridine were measured
using an high-performance liquid chromatography method, and the CDA genotypes were deter-
mined with DNA sequencing. : :
Results: One patient, a 45-year-old man with pancreatic carcinoma, showed severe hemato-
logic and nonhematologic toxicities during the first course of chemotherapy with gemcitabine
and cisplatin. The area under the concentration-time curve value of gemcitabine in this patient
(54.54 ng hour/mL) was five times higher than the average value for five other patients
(10.88 ng hour/mL) treated. with gemcitabine plus cisplatin. The area under the concentration--
time curve of 2/,2"-difluorodeoxyuridine in this patient (41.58 pug hour/mL) was less than the half
of the average value of the five patients (106.13 ug hour/mL). This patient was found to be
homozygous for 208A (Thr’®) in the CDA gene, whereas the other patients were homozygous
for 208G (Ala’®).

Conclusion: Homozygous 208G>A alteration in CDA might have caused the severe drug

toxicity experienced by a Japanese cancer patient treated with gemcitabine plus cisplatin,

Gemcitabine (2,2 -difluorodeoxycytidine) is a deoxycytidine
analogue that is efficacious against non-small cell lung cancer
and pancreatic carcinoma, as a single agent or in platinum

combination therapy (1, 2). Its major adverse effects are .

hematologic toxicity, weakness, and emesis, and its dose-
limiting toxicity is hematologic toxicity, including leukocyto-
penia, anemia, and thrombocytopenia (1). Single-agent and
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platinum combination gemcitabine therapy is relatively well
tolerated, but hospitalization is occasionally required due to,
significant hematologic toxicity (1, 2), and it has been difficult
to predict the toxicity.

Gemcitabine is activated by intracellular phosphorylation to
gemcitabine monophosphate by deoxycytidine kinase, which is
subsequently phosphorylated to the higher-order phosphates,
gemcitabine diphosphate followed by gemcitabine triphos-
phate. Gemcitabine triphosphate can be incorporated into
DNA followed by one more.deoxynucleotide, after which DNA
polymerization stops, This process is referred to as “masked
chain termination” (3, 4).

Gemcitabine and gemcitabine monophosphate are deami-
nated to the inactive metabolite 2/2-difluorodeoxyuridine
(dFdU) and 2',2'-difluorodeoxyuridine monophosphate by
cytidine deaminase (CDA) and dCMP deaminase, respectively.
Multiple mechanisms potentiate the activity of gemcitabine
both by increased formation of active gemditabine diphosphate
and gemditabine triphosphate and decreased elimination of
gemcitabine, as follows: (a) gemcitabine diphosphate, through
its inhibition of ribonucleotide reductase, depletes the deoxy-
ribonucleotide pool available for DNA synthesis and repair; (b)
the decreased concentration of dCTP activates deoxycytidine
kinase, which accelerates phosphorylation of gemcitabine;
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and (c) an inactivating enzyme, dCMP deaminase, is inhibited
by the decreased concentration of intracellular dCTP and
increased concentration of gemcitabine triphosphate (5-7).
Polymorphisms of the DNAs encoding the above enzymes may
influence the pharmacokinetics and pharmacodynamics of
gemcitabine.

To establish the medical guidelines for treatment based on
individual genetic polymorphisms, we have launched multi-
center, prospective, pharmacogenomic trials (as the Millenium
Genormne Project) of antineoplastic agents, such as gemcita-
bine, paclitaxel, irinotecan, and other commonly used drugs.

At the time point when 97 gemcitabine-treated patients had
been recruited, we experienced extremely severe toxicities in
one patient. Because this patient was coadministered cisplatin
in addition to gemcitabine, we compared the clinical data,
pharmacokinetics and CDA genotype between this patient and
the other five control patients, who were also coadministered
the two drugs.

Patients and Methods

Selection of patients and treatment schedule. Patients being
treated with gemcitabine plus cisplatin were eligible for the trial
if they met all of the following inclusion criteria: histologically
or cytologically proven carcinoma, no prior treatment with
gemcitabine, age above 20 years, Eastern Cooperative Oncology
Group performance status between 0 and 2, absence of severe
infectious or neurologic disease, and no evidence of heart or
interstitial lung disease. Other requirements included adequate
bone marrow function (WBC 23,000/uL, neutrophils =1,500/
uL, and platelets 275,000/uL), hepatic function (serum total
bilirubin =3 mg/d, aspartate aminotransferase and alanine
aminotansferase less than five times the upper limit of
normal), and renal function (serum creatinine within the
upper limit of normal). The trial was approved by the Ethics
Review Committees of the National Cancer Center Hospital
and NIH Sciences, and oral and written informed consent was
obtained from all patients before entering,

Gemcitabine was given to all patients at a- dose of 1,000
mg/m? (30-minute infusion) on days 1, 8 and 15 and
followed by 1 week of rest. If adequate bone marrow function
(WBC >2,000/uL, neutrophils 21,000/uL, and platelets
>70,000/uL) was confirmed, gemcitabine was given on days
8 and 15.

Cisplatin was given at a dose of 80 mg/m? (150-minute
infusion) on day 1, immediately after gemcitabine. All patients
received antiemetic prophylaxis with granisetron plus dexa-
methasone. Granulocyte-colony stimulating factor was not
given routinely. The treatment schedule was repeated every 28
days until disease progression or unacceptable side effects
occurred.

Toxicity was scored according to the National Cancer [nstitute
Common Toxicity Criteria ver 2.0. A complete blood cell count
and serum chemistry were repeated weekly, At the start of every
new course, the dose was teevaluated according to toxicity. If
the WBC count was <2,000/uL and the platelet count was
<70,000/ul, then treatment was delayed until the recovery
of bone marrow function. If grade 4 leukocytopenia, neutro-
cytopenia, or thrombocytopenia was observed in the previous
course, the gemcitabine dose was reduced to 800 mg/m? in
subsequent courses.

www.aacrjournals.org
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Blood sampling. Before the start of the treatment, a 5-mL
heparinized blood sample was collected to measure CDA
activity, and a 14-mL blood sample, to which EDTA was added,
was collected to extract leukocyte DNA for genetic analysis. On
day 1 of the first course, a 5-mL heparinized blood sample for
gemcitabine and metabolite analysis in plasma was collected
from the opposite arm before the infusion, at 3 minutes before
the end of the infusion, and 15, 30, 60, 90, 120, and 240
minutes after the end of the infusion, and 50 pL of 10 mg/mL
tetrahydrouridine (Wako Junyaku, Co., Ltd,, Osaka, Japan) was
immediately added to each of the samples. The samples were
centrifuged at 3,000 x g for 5 minutes at 4°C, and the plasma
was collected and stored at —70°C until analyzed.

Analysis of gemcitabine and its metabolite, 2,2"difluorodeox-
yuridine. The concentrations of gemcitabine and dFdU in
the plasma were determined by the method of Venook et al.
with slight modifications (8). A 25 uL volume of 25 mg/mL
3"-deoxy-3"fluoro-thymidine (Aldrich Chem. Co., St. Louis,
MO) was added to an 0.25-mL aliquot of plasma sample
containing 0.1 mg/mL tetrahydrouridine as an internal
standard. After adding 1 mL of acetonitrile, the mixtures were
centrifuged at 12,000 X g for 5 minutes, and the supernatant
was evaporated to dryness under a nitrogen stream. The residue
was dissolved in 0.25 mL of 15 mmol/l. ammonium acetate
buffer (pH 5.0), and the solution was filtered twice through
Ultrafree-MC (0.45 pm; Millipore Corp., Billerica, MA) and
Microcon YM-10 (10,000 MW; Amicon). Twenty microliters of
sample were loaded into a high-performance liquid chroma-
tography system (HP 1100 model) with diode array detection
and electrospray-mass specirometry detection, The chromato-
graphic conditions were as follows: column, CAPCELL PACK
C18 MG column (5 pm, 2.0 x 150 mm; Shiseido Co., Lid,
Tokyo, Japan) with a CAPCELL C18 MG §-5 guard cartridge (4.6
mm i.d. X 10 mm; Shiseido); column temperature, 40°C;
mobile phase, 15 mmol/L ammonium acetate (pH 5.0}/
methanol; running program of the mobile phase: 95:5
(0 minute), —75:25 (10-15 minutes), —60:40 (20-25 minutes),
— 95:5 (30-40 minutes); flow rate: 0.3 ml/min; diode array
detection: 268 nm for gemcitabine, 258 nm for dFdU, and 266
nm for 3-deoxy-3-fluoro-thymidine; electrospray-mass spec-
trometry: m/z 264 for gemcitabine, m/z 265 for dFdU, and m/z
245 for 3-deoxy-3"fluoro-thymidine. Detection and integration
of chromatographic peaks were done by the HP Chemistation
data analysis system (Hewlett-Packard, Les Ulis, France),

Pharmacokinetic analysis. Compartment model indepen-
dent pharmacokinetic variables were calculated using WinNon-
lin software, ver. 4.1 (Pharsight Co., Mountain View, CA). The
values are expressed as means + SD, except for those of the
patient with severe toxicity.

DNA sequencing. DNA used for sequencing was extracted
from peripheral blood. All of the four exons of CDA were
amplified from 100 ng of genomic DNA using multiplex
primers listed in Table 1 (PCR). The PCR conditions have
been described previously (9). After the second amplification
for each exon, the PCR products were purified and directly
sequenced on both strands with the sequencing primers
listed in Table 1 (sequencing), as described previously (9).
All variations were confimrned by repeating the sequence
analysis from the first-round PCR with DNA. National Center
for Biotechnology Information accession no. NT_004610.16
was used for the reference sequence.

Clin Cancer Res 2005;11(7) April 1, 2005
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Table 1. Primer sequences used for the analysis of the human CDA gene
Region Forward primer (5-3') Reverse primer (5-3)
PCR
Exon1 TCCACCCTCCAATTGAGATA AGTCGGCAGGGTAGGAACATTC
Exon 2 TTGATGGGACACATTCAGACCA CCGCTTTATGTTTCAATGCTGC
Exon 3 CTCTTTGACCTTTGTATTCCC TTGACTCAGAAACGCCACTGTT
Exon 4 GCACTATGATCCAGGTACAA TCAGCTCTCCACACCATAAGG
Sequencing
Exon 1 TGAGACAGGGTCTGGCTCTCTGT GTGCTTCACACTCTCCCTTA
CAGTAGCGTGGCACCACCTTCT CGCCTCTTCCTGTACATCTT
ATGGCCCAGAAGCGTCCT GGCCCCAGACACGATTGC
Exon 2 CCACCTTGTTTGGAGTAACC CTGGCACATAGGAAGTCCAC
TGGGATGAGTGCTGAGGATA TGTGTAAGGAAGATGTTGGC
Exon 3 CTTCAGGACACAGTGGATCT TTCCAGTGACTCATGCAAGC
Exon 4 ATGGTCATTCCCCTTTTACA GTCCCTCCTAAGAGCTGCAA
AGGCTGGAGTGTAATCTGGA
Results patients 2 to 6, The C.x and area under the concentration-

We encountered a patient treated with gemcitabine and
cisplatin who developed extremely severe toxicities (grade 4
neutropenia, thrombocytopenia, and stomatitis and grade 3
rash, fatigue, and febrile neutropenia). To clarify the cause of
these life-threatening toxicities, we determined the plasma levels
of gemcitabine and its metabolite, dFdU, and the genotypes of
CDA encoding a major gemcitabine-metabolizing enzyme,
cytidine deaminase, of this patient (patient 1) and the other
five gemcitabine/cisplatin-administered patients {patients 2-6).

Pharmacokinetics. Plasma concentration-time profiles of
gemcitabine and dFdU are shown in Figs. 1 and 2, and
pharmacokinetic variables are summarized in Table 2. The
maximum plasma gemcitabine concentration {Cpa) and area
under the concentration-time curve of patient 1 were about
twice and five times higher, respectively, than the average
values of patients 2 to 6. In patient 1, gemcitabine’ clearance
was decreased to one fifth of the average value of the other
five cases, and the terminal phase half-life (Ty;,) of
gemcitabine was four times longer than the average value in

time curve of dFdU in patient 1 were one third and one half,
respectively, of the average values of patients 2 to 6. The area
under the concentration-time curve ratio (dFdU/gemcitabine)
of patient 1 was about one tenth of the average value in
patients 2 to 6.

Genotypes. The results of CDA genotyping analysis are
shown in Table 3. We only found three known single
nudeotide polymorphisms (SNP) in the coding regions in
these patients. Patient 1 was homozygous for 208G>A
(Ala’Thr) in exon 2 (10), but had homozygous wild-type
alleles for the other SNPs in exons 1 and 4. All of the other
patients carried the homozygous wild-type alleles in exon 2.
Thus, it was assumed that the increased plasma gemcitabine
levels in patient 1 might have been caused by the Ala’Thr
substitution in cytidine deaminase.

Discussion

There was no nephrotoxicity or neurotoxicity in patient 1,
which is specifically associated with cisplatin (11). In addition,

50

—— Patients 2-6
—+— Patient 1
30 "

Fig. 1. Plasma disposition curve for gemcitabine in
patient1 (4 ) and mean curve for patients 2 to 6 (so/id

line). Bars, SD.

Gemcitabine concentration (ug/ml)
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the skin rash observed in patient 1 is common (with a reported
30.1% occurrence) in patients treated with gemcitabine in
single-agent therapy (1). Therefore, we considered that the
severe toxicity profile observed in patient 1 was mainly caused
by the administration of gemcitabine.

Because the average pharmacokinetic profiles of gemcitabine
and dFdU in patients 2 to 6 were almost the same as the
population pharmacokinetic profiles in phase I and late phase
II tdals in Japan (12-14), the pharmacokinetic profiles of
patients 2 to 6 can be regarded as standard for a Japanese
population. Therefore, the plasma gemcitabine levels of patient
1 were remarkably high. Because the DLST of gemcitabine and
cisplatin were negative in patient 1, the toxicities, especially a

Table 2. Compartment-independent pharmacokinetic
variables of gemcitabine and its metabolite, dFdU
Patients 2-6
Patient1 (mean * SD)
Germncitabine
C max (1g/mL) 46.42 2228 £ 5.08
AUC,, (pg hour/mL) 54,64 10.88 + 1.64
Cl (L per h per m2) 18.34 9317 £ 15.61
T2 (h) 0.97 0.26 £ 0.03
V. (L/m?) 25.62 352+ 747
dFdU
C max (p9/mL) 819 2875 £ 4.09 -
AUC, (g h/mlL) 41.68 106.13 £ 31.44
CI/F {L per h per m2) 2405 10.04 £ 2.98
T2 (0 217 246 £ 0.62
V., (L/m?) 75.4 3429+ 6.6
AUC ratio (dFdU/gemcitabine) 0.76 9.68 £ 2.05
Abbreviations: C max, Maximum plasma concentration; AUC, area under
the concentration-time curve; Cl, clearance; 7,, terminal-phase half-life;
V, = Dose / (1, x AUC); 1,, elimination rate constant at terminal phase;
F. metabolite fraction (F can be assumed to lie between 0.0 and 0.95),

severe systemic rash including stomatitis and purpura, were
unlikely to have been caused by drug allergies, such as Stevens-
Johnson syndrome. Thus, the exposure to increased levels of
gemcitabine is most likely responsible for the severe toxicities
experienced in patient 1.

The patient backgrounds showed no major difference in
age, body surface area, and performance status among
patients with and without severe toxicities; age ranged from
45 to 69 years, the bovine serum albumin ranged from 1.42
to 1.78 m?, and Eastern Cooperative Oncology Group
performance status ranged from 0 to 1 (patient 1: 45 years,
1.78 m?, performance status 0). None of the patients had
received any prior chemotherapy or radiotherapy. It was
unlikely that the patient backgrounds other than the CDA
genotype caused the abnormal pharmacokinetics observed in
patient 1.

Patient 1 was homozygous for the SNP 208G>A (Ala’°Thr),
and all of the other patients carried the homozygous wild-type
allele, Patient 1 carried no other known nonsynonymous and
synonymous CDA polymorphisms (79A>C and 435C>T,
respectively). The variant CDA enzyme with Thr’® was
reported to show 40% and 32% of the activity of the wild-
type for cytidine and 1-B-p-arabinofuranosylcytosine sub-
strates in an in vitro experiment, respectively (10). Thus, the

Table 3. Genotypes of the three known polymorphic
loci in exons of the CDA gene
Exon1, Exon 2, Exon 4,
79A)C, 208G()A, 4350)T,
Patient K270 A70T TI45T (silent)
1 A/A AJA c/C
2 A/C G/G c/T
3 AJA G/G c/C
4 A/A G/G C/T
5 AJA G/G c/C
6 c/C G/G C/T
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reduced activity of the variant enzyme with Thr’® might have
resulted in the abnormal pharmacokinetics in patient 1.

The allelic frequency of the 208G>A polymorphism of the
CDA gene in the Japanese population is 4.3% (10). Recently,
genetic polymorphisms ih the gemcitabine metabolic pathway,
including CDA SNPs in Europeans and Africans, were reported
by Fukunaga et al. (15). The SNP 208G>A was not detected in
Europeans, whereas the allelic frequency of 208A was 0.125 in
Africans (15). According to the two previous studies (10, 15),
frequencies of homozygous 208G>A individuals in the Japa-
nese and African populations were estimated to be about
0.18% and 1.56%, respectively. Therefore, severe toxicity

caused by 208G>A could occur more frequently in Africans
than in Japanese.

Based on the results of the analyses of the pharmacokinetic
profiles and the 208G>A SNP, we can conclude that decreased
CDA activity might have been responsible for the severe drug
toxicity observed in this Japanese cancer patient.
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Abstract

The survival rate of pancreatic cancer patients is the lowest
among those with common solid tumors, and early detection is
one of the most feasible means of improving outcomes. We
compared plasma proteomes between pancreatic cancer
patients and sex- and age-matched healthy controls using
surface-enhanced laser desorption/ionization coupled with
hybrid quadrupole time-of-flight mass spectrometry. Proteo-
mic specira were generated from a total of 245 plasma samples
obtained from two institutes. A discriminating proteomic
pattern was extracted from a training cohort (71 pancreatic
cancer patients and 71 healthy controls) using a support vector
machine learning algorithm and was applied to two validation
cohorts. We recognized a set of four mass peaks at 8,766,
17,272, 28,080, and 14,779 m/z, whose mean intensities differed
significantly (Mann-Whitney U test, P < 0.01), as most
accurately discriminating cancer patients from healthy con-
trols in the training cohort [sensitivity of 97.2% (69 of 71),
specificity of 94.4% (67 of 71), and area under the curve value of
0.978]. This set discriminated cancer patients in the first
validation cohort with a sensitivity of 90.9% (30 of 33) and
a specificity of 91.1% (41 of 45), and its discriminating capacity
was further validated in an independent cohort at a second
institution. When combined with CA19-9, 100% (29 of 29
patients) of pancreatic cancers, including early-stage (stages 1
and 1) tumors, were detected. Although a multi-institutional
large-scale study will be necessary to confirm clinical
significance, the biomarker set identified in this study may
be applicable to using plasma samples to diagnose pancreatic
cancer, (Cancer Res 2005; 65(22): 10613-22)

Introduction

The 5-year survival rate of pancreatic cancer sufferers is the
lowest among patients with common solid tumors. Pancreatic
cancer is the fifth leading cause of ‘cancer-related mortality in
Japan and the fourth in the United States, with >19,000 estimated
annual deaths in Japan and >28,000 in the United States (1-3).
Pancreatic cancer is characterized by massive local invasion and

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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early metastasis to the liver and regional lymph nodes. Because
surgical resection is the only reliable curative treatment, early
detection is essential to improve the outcomes of pancreatic
cancer patients. However, the clinical symptoms of pancreatic
cancer, except for obstructive jaundice, are often unremarkable
until the advanced stages of the disease, and the anatomic location
of the pancreas deep in the abdomen makes physical and
ultrasonic detection of pancreatic cancer difficult. As aresult,
only 20% to 40% of pancreatic cancer patients undergo surgical
resection (1, 4). Mass screening by computed tomography (CT),
magnetic resonance imaging (MRI), or positron emission tomog-
raphy (PET) may not be cost-effective because of the relatively low
incidence of pancreatic cancer, and the long-term safety of these
modalities has not been established (5). Thus, new diagnostic
modalities allowing early detection of pancreatic cancer in a safe/
noninvasive and cost-effective way are needed.

Recently, mass spectrometry (MS)-based proteomic approaches
have gained considerable attention as effective modalities for
identifying new biomarkers of various diseases because of their
high sensitivity, but proteomic analysis of blood samples has been
hampered by the marked dominance of a handful of particularly
abundant proteins, including albumin, immunoglobulins, and
transferrins (6). Surface-enhanced laser desorption/ionization
(SELDI)-MS was developed to resolve these problems and is
considered to be among the most useful tools available for the
analysis of serum and plasma (7-9). Proteins are captured,
concentrated, and purified on the small chemical surface of a
SELDI chip, and the molecular weight (mn/z) and relative intensity
of each protein captured on the chip are measured with sensitive
time-of-flight (TOF)-MS. As a result, a comprehensive proteomic
profile can be created from as little as 20 pL serum/plasma
samples. Combined with multivariate bioinformatical analysis,
serum proteomics by SELDI-TOF-MS has been reported be
successfully applied to the diagnosis of ovarian and prostate
cancers (10-13).

The ProteinChip system is a sophisticated commercial platform
designed for SELDI-TOF-MS. This system has been widely used
because of its high-throughput automated measurements. How-
ever, relatively low resolution and poor mass accuracy have been
recognized as drawbacks of the TOF-MS instrument of this
system, and the reproducibility of SELDI-MS data has been
controversial (14-16). Multivariate discrimination is dependent on
stacks of small differences between cases and controls. Recently,
Petricoin and Liotta reported the use of high-resolution perfor-
mance hybrid quadrupole TOF-MS (QqTOF-MS) instruments to
significantly improve the resolution and mass accuracy of SELDI-
MS compared with results obtained with low-resolution instru-
ments (17, 18).
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Training cohort

Table 1. Clinicopathologic characteristics of the 220 cases seen at NCCH

Validation cohort

i

Cancer (n =71)  Healthy (n =71) P Cancer (n = 33) Healthy (n = 45) P
Age (mean * SD) 613 £ 9.06 62.1 £ 10.0 0.6* 62.0 *+ 9.06 632 + 11.7 0.6*
~ Gender

Male 37 33 05" 18 2 092"

Female 34 38 15 21
Tumor location V

Head 34 17

Body or tail 37 10

Unknown 6
Clinical stage

I 1

a 6 4

111 10 1

v 54 27

*Student’s ¢ test.
T Fisher exact probability test.

Koopmann et al. (19) identified a set of biomarkers for
pancreatic adenocarcinoma using the ProteinChip system. They
increased the number of detectable peaks using stepwise anion-
exchange chromatography, but only two of the six fractions were
used for subsequent analyses. The two protein peaks that most
effectively discriminated between pancreatic cancer patients and
healthy controls reportedly achieved a sensitivity of 78% and a
specificity of 97%, but this sensitivity was below the level
necessary for clinical application. More importantly, diagnostic
performance was not validated in an independent cohort. We
reviewed and refined various aspects of SELDI-MS, In this study,
we first compared the results obtained using low-resolution TOF-
MS and high-resolution QqTOF-MS instruments and confirmed
the high reproducibility of data obtained using the latter.
Computerized machine learning may identify even a perfect
multivariate classifier within a closed sample set in a nonbiolog-
ical/mathematical way (16). Erroneous identification by machine

learning must be eliminated by validation experiments using an
independent sample set. Herein, we report the identification and
validation of a set of biomarkers that can detect pancreatic cancer
with high accuracy.

Materials and Methods

Patients and plasma samples, Plasma samples (n = 245) were obtained
from two institutes, the National Cancer Center Hospital (NCCH; Tokyo,
Japan) between August 2002 and October 2003 and the Tokyo Medical
University Hospital (TMUH: Tokyo, Japan) between February 2004 and
February 2005. The 220 NCCH cases included untreated pancreatic ductal
adenocarcinoma patients {(n = 104) and healthy controls (n = 116), whereas
the 25 TMUH cases included untreated pancreatic ductal adenocarcinoma
patients (n = 9), individuals with pancreatic tumors and/or cysts (n = 6),
chronic pancreatitis patients (n = 5), and healthy controls (n = 5). The
pancreatic tumor and/or cyst category included two pathologically
unproven mucinous cystic tumors, two pathologically unproven serous

High-resolution QqTOF-MS

Table 2. Comparison of low-resolution and high-resolution instruments

Low-resolution TOF-MS

Unfractionated

Unfractionated

Fractionated

No. unique peaks*  Correlation No. unique peaks* Correlation No. unigue peaks* Correlation
coefficient (r), coefficient (r), coefficient (r),
mean + SD mean = SD mean + SD
H50 263 0.96 + 0.03 64 0.96 + 0.04 214 0.76 *+ 0.35
CM10 pH 4 124 0.99 + 0.01 53 0.90 + 0.11 219 073 + 0.33
CM10 pH 7 73 0.98 * 0.01 48 0.89 *+ 0.09 168 061 + 0.46
IMAC-Cu™ 177 0.95 £+ 0.04 61 0.87 £ 0.13 271 0,70 + 0.44
Total 637 226 872

*Number of unique peaks detectable in plasma samples from 24 pancreatic cancer patients and 24 healthy controls.
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papillary tumors, and two clinically diagnosed nonmalignant mass lesions
in the pancreas. These cases are currently being followed, and a final
diagnosis has not been obtained to date. The patients in the chronic
pancreatitis category had no detectable mass lesions in the pancreas.
Written informed consent was obtained from all of the subjects. Blood
samples were collected in EDTA glass tubes. The supernatant was separated
by centrifugation and cryopreserved at —80°C until analysis. All samples
were processed in the same manner. The study was reviewed and approved
by the ethics committees of the National Cancer Center (Tokyo, Japan;
authorization nos. 16-36 and 16-71) and Tokyo Medical University (Tokyo,
Japan; authorization no. 341).

The clinical characteristics of the patients are summarized in Table 1.
Patients were classified as having clinical disease stage 1, 11, III, or IV
according to the Fifth Edition of the General Rules for the Study of
Pancreatic Cancer (Japanese Pancreas Society; ref. 20).

Surface-enhanced laser desorption/ionization. Ninety microliters of
U9 buffer [9 mol/L urea, 2% 3-{(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonic acid, and 50 mmol/L Tris-HCl (pH 9)] were added to 10 pL
of each plasma sample and vortexed for 20 minutes. Parts of the denatured

plasma samples were fractionated using stepwise anion-exchange chroma-
tography (pH 9 plus flow trough, pH 7, pH 5, pH 4, pH 3, and organic wash)
with QHyper DF resin (Ciphergen Biosystems, Inc,, Fremont, CA) using a
Biomek 2000 Laboratory Automation Robot (Beckman Coulter, Fullerton,
CA) according to a previously described method (12, 21).

Fach sample was randomly assigned, with a 96-spot format, to 12
ProteinChip arrays (8 spots per array; Ciphergen) in duplicate using the
Biomek 2000 Robot. Three types of ProteinChip arrays with different surface
chemistries [i.e., immobilized metal affinity capture coupled with copper
(IMAC-Cu™), weak hydrophobic (H50), or cationic (CM10) arrays] were
used (21). The CM10 arrays were used under either low-stringent (pH 4) or
high-stringent (pH 7) conditions as instructed by the supplier. The arrays
were air-dried and applied to the matrix (50% sinapinic acid in 50%
acetonitrile/0.1% trifluoroacetic acid).

Time-of-flight mass spectrometry, TOF-MS analysis was done using
two types of mass spectrometers, a low-resolution TOF-MS (PBS Ilc,
Ciphergen) and a high-resolution QqTOF-MS [Q-star XL (Applied Biosystems,
Framingham, CA) equipped with a PCI 1000 (Ciphergen)]. Peak detection for
the low-resolution instrument was done using CiphergenExpress software
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version 2.1 (Ciphergen).' All of the spectra were compiled and normalized to
the total ion currents, and the baselines were subtracted. Peaks between 3,000
and 30,000 m/z were autodetected using a signal-to-noise ratio of >3, and the
peaks were clustered using second-pass peak selection with a signal-to-noise
ratio of >2 and 0.3% mass windows. The permissible rande of m/z drift
between samples was set at 0.3% (21).

The high-resolution instrument was set to measure the range between
2,000 and 40,000 m/z. The laser intensity, laser frequency, and accumulation
time were set to 60%, 25 Hz, and 90 seconds, respectively. The mass data
obtained using the high-resolution instrument were converted to text files
consisting of m/z and intensity after mass calibration by Analyst QS
(Applied Biosystems) and were processed using newly developed in-house
peak detection, normalization, and guantification software (22).

The peak data were visualized using Mass Navigator software (Mitsui
Knowledge Industry, Tokyo, Japan). Mass accuracy was calibrated externally
on the day of the measurements using an all-in-one-peptide molecular mass
standard (Ciphergen).

Statistical apalysis. Statistically significant differences were detected
using the Fisher exact probability test, the Student’s ¢ test, and the Mann-
Whitney U test. Receiver operator characteristics (ROC) curves were
generated and the area under the curve (AUC) values were calculated using
StatFlex software version 5.0 (Artech, Osaka, Japan;-ref. 23).

We compiled the multivariate intensity data of the mass peaks into the
distance from a support vector machine {SVM) hyperplane using the
following formula (details in Supplementary Data; ref. 24):

N
dis(x;) = Z Nyi{k (3. xi) + o}

where y; is label (1 or —1), k(x,x;) is Gaussian kernel function, and 4; is
a value that mzudmizes [1] ta\rget function under [2] constrained
b NTN

conditions, where L =324 =335 AdywK (xi,x;) is the (1] target
N i=1 i=1j=1

function, 0 < 4; £ C 5 Ay = 0 are the [2] constrained conditions, and «
i=1

and C are constants 0.25 and 10, respectively.

Immunoradiometric assay of CA19-9. Plasma (100 pL) was analyzed
using a commercially available immunoradiometric assay kit (Fujirebio
Diag-nostic, Inc,. Malvern, PA) according to the manufacturer’s recom-
mendations.

Results

Comparison between low-resolution and high-resolution
instruments. The reproducibility of data obtained using the low-
resolution TOF-MS instrument of the ProteinChip system has been
a concern. We compared the number of detectable peaks and the
reproducibility of data obtained using low-resolution TOF-MS and
high-resolution QgTOF-MS instruments. From unfractionated
plasma samples (24 pancreatic cancer patients and 24 healthy
controls), a total of 226 unique peaks were detected using the low-
resolution instrument and 637 unique peaks were detected using
the high-resolution instrument (Table 2). This difference seems to
be attributable to the mass resolutions of the instruments (Fig. 14).
In addition, we noticed significant mass drifts (<0.3%) in the data
obtained with the low-resolution instrument (Fig. 1B). In contrast,
the mass deviation was <0,05% for the high-resolution instrument
(Fig. 1B). As a result, the correlation coefficients for three
independent measurements of a pooled plasma sample done every
other day with the high-resolution instrument reached 0.97 to 0.99
(data not shown).

Chromatographic fractionation reduced the reproducibility
of measurements. Fractionation via stepwise arion-exchange
chromatography has been widely done to increase the number of
detectable peaks obtained with low-resolution instruments.
Actually, the total number of detectable peaks increased from
926 to 872 with fractionation of the same plasma samples (Table 2).
However, the fractionation procedure seemed to compromise the
reproducibility of the measurements. Forty-eight plasma samples
(24 pancreatic cancer patients and 24 healthy controls) were
analyzed in duplicate, and the mean correlation coefficient of all
the peaks calculated between the duplicates was 0.87 to 0.96 for the
unfractionated samples and 061 to 0.76 for the fractionated
samples (Table 2). Fig. 24 (unfractionated) and Fig. 2B (fraction-
ated) show the results of duplicate assays of a representative
plasma sample.

Based on these quality-control experiments, we decided to
measure unfractionated plasma samples using the high-resolu-
tion QqTOF-MS instrument. More than 90% of the duplicate

100

o7 « 2=
ph4 R2=0.94 | % ph7 R?=0.56

1000

10007

1001
x ph7 R?=0.98

%ph7 R2=0.98 -~ A7}

$H50 R2=0.96

100 1000

€ H50 R2=0.83 -

Figure 2. Reproducibility of data from the low-resolution and high-resolution instruments. Two-dimensional plot analyses of the mass intensities corresponding
to the duplicated peaks that appeared in the H50 (blue diamonds), IMAC-Cu2* (red squares), CM10 pH 4 (yellow triangles), and CM10 pH 7 (light blue crosses)
arrays. Unfractionated (A and C) or fractionated (B) samples of the same plasma were measured using a low-resolution TOF instrument (A and B) and a

high-resolution QqTOF instrument (C).
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protein peaks measured with the QqTOF-MS instrument were
plotted within a 2-fold difference (Fig. 2C), and the mean
correlation coefficient between duplicate assays was at least 0.95
(Table 2).

Identification of a candidate classifier in the training cohort
by machine learning. From the total of 220 samples obtained at
the NCCH, we selected 71 pancreatic cancer patients and 71
healthy controls with no statistically significant differences in age
or sex distribution as a training cohort (Table 1). The remaining
78 cases served as a validation cohort. The clinicopathologic
characteristics of these pancreatic cancer patients in the training
and validation cohorts are summarized in Table 1.

The acquired MS peak information was stored in a large-
capacity server computer, and the data set that most accurately
discriminated pancreatic cancer patients from healthy controls
was extracted using a rbf SVM learning algorithm (24). The set, or
classifier, was composed of four protein peaks at 17,272 m/z
(CM10 pH 4), 8,766 m/z (CM10 pH 4), 28,080 m/z (CM10 pH 4),
and 14,779 m/z (H50). The selection of these four peaks was
evaluated by leave-one-out (LOO) cross-validation. Representative
spectra profiles and pseudo-gel images of the four peaks are
shown in Fig. 3. Akaike information criterion procedure (25)
selected another peak at 11,516 m/z (H50; indicated by a red
arrowhead in Fig, 3). Although the 11,516 m/z peak was only

www.aacrjournals.org

10617

Cancer Res 2005; 65: (22). November 15, 2005



Cancer Research

Peaks (arrays) Training cohort (n = 142)

Table 3. Intensities of the 17,272, 8,766, 14,779, and 28,080 m/z peaks

Validation cohort (n = 78)

Cancer (n =71) Healthy (n =71) P Cancer (n = 33) Healthy (n = 45) P
17,272 m/z (CM10 pH 4) 9.49 + 2.88" 146 + 229" 0.0000 9.74 + 420 145 + 229" 0.0000
8,766 m/z (CM10 pH 4) 7.65 + 353" 121 £ 555 0.0000 7.04 + 4397 134 £ 581" 0.0000
14,779 m/z (H50) 118 + 4.43° 7.85 + 3.68 0.0000 104 + 3.85° 646 + 163" 0.00000
28,080 m/z (CM10 pH 4) 113 + 367" 132 + 3357 0.0022 924 + 24.3" 110 + 216" 0.0078

*Mann-Whitney U test.
TMean * SD intensities in arbitrary units.

detected in 1 of the 71 (1.4%) healthy controls, it was not included
in the above discriminating data set generated by machine
learning because of its low-positive rate in pancreatic cancer
patients [19.7% (14 of 71)].

Statistical differences in all four peaks were recognized between
the pancreatic cancer patients and thé healthy controls (Mann-
Whitney U test, P < 0.0022; Table 3). The ROC and AUC values of
each peak and their combination in the 142 cases of the training
cohort are shown in Fig. 4.

The intensity data of the four peaks obtained in each individual
were compiled into a single value, the distance from a fixed SVM
hyperplane, using the formula described in Materials and Methods
and Supplementary Data. When the distance was positive, the
individual was classified as having pancreatic cancer and vice
versa. This classifier correctly diagnosed 97.2% (69 of 71) of the
cancer patients and 94.4% (67 of 71) of the healthy controls in the
training cohort (Fig. 54).

Confirmation of the classifier in the first validation cohort.
We next validated the discriminating performance of the classifier
in a blinded manner using an independent cohort consisting of 78
individuals (NCCH) who had not been included in the training
cohort (Table 1). Again, statistically significant differences in the
mean intensities of every peak were observed between the 33
pancreatic cancer patients and the 45 healthy controls (Mann-
Whitney U test, P < 0.0078; Table 3),

The SVM hyperplane determined in the training cohort was
applied to the diagnosis of the 78 cases in the validation set. The
same SVM hyperplane separated 90.9% (30 of 33) of the pancreatic
cancer patients into the positive direction. group and 91.1% (41
of 45) of the healthy controls into the negative direction group
(Fig. 5B). The overall accuracy of the classification was 91.0% (71
of 78) in the validation cohort.

Combination of the surface-enhanced laser desorption/
ionization classifier and CA19-9. Overall, the classifier was able
to detect 95.2% (99 of 104) of the pancreatic cancer patients in the
training and validation cohorts (Table 4). Although the number of
cases was small, 83.3% (10 of 12) of stage I and II cases were
detected (training and first validation cohorts). No statistically
significant differences in detection rates were seen among cases
with different tumor locations or different clinical stages (Table 4).
To improve the detection rate, we measured plasma CA19-9 levels
in all individuals whose residual samples were sufficient (29
pancreatic cancer patients and 39 healthy controls; Table 5). The
sensitivity of CA19-9 (cutoff value of 37 units/mL) was 86.2% (25 of
29} and specificity was 94.9% (37 of 39). The SELDI classifier and

the CA19-9 level were complementary. Combining CA19-9 and the
SELDI classifier detected 100% (29 of 29) of cancer patients, but
this combination yielded six false-positive cases [15.4% (6 of 39);
Table 5}.

Confirmation of the classifier in a second validation cohort
obtained at a different institution. Finally, we did a second
confirmatory experiment using samples collected prospectively at
another institution. In total, 25 plasma samples from pancreatic
cancer patients, individuals with other pancreatic diseases, and
healthy volunteers were obtained from TMUH and analyzed in a
blinded manner. Although the discovery of biomarkers useful
for the differential diagnosis of pancreatic diseases was not the
primary goal of this study, the classifier was able to discriminate
pancreatic cancer patients and individuals with pancreatic
tumors/cysts from healthy controls and pancreatitis patients
(Table 4; Fig. 6). Four of the six patients with pathologically
unproven pancreatic tumors/cysts were classified into the positive
direction group. A close follow-up of these patients has been
undertaken, because they may have premalignant or preclinical
conditions. The SELDI classifier correctly identified 88.9% (8 of 9)

Combination
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Figure 4. ROC curves and AUC values showing the discriminating
capacities of the 17,272, 8,766, 28,080 (CM10 pH 4), and 14,779 (H50) m/z
peaks individually and in combination.
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Healthy Controls (n=71)

Pancreatic Cancer (n=71)
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Figure 5. Calculated SVM distances of healthy controls (black
columns) and pancreatic cancer patients (gray columns) in the 4.0
training (A) and first validation (B) cohorts. Cases separated into ’
the positive direction from the SYM hyperplane were classified as
having “cancer" and those separated into the negative direction
were classified as being “heaithy.” B

Healthy (n=45) Cancer (n=33)

of the pancreatic cancer patients and 80% (4 of 5) of the healthy
controls, whereas the CA19-9 level correctly identified 66.7%
(6 of 9) of the pancreatic cancer patients and 100% (5 of 5) of the
healthy controls (Fig. 6). Again, in all the pancreatic cancer
patients (9 of 9), the SELDI classifier and the CA19-9 level
provided complementary results, even in this second validation
cohort.

Discussion

Comparative proteomic profiling coupled with a computerized
machine learning approach may revolutionize medical practice and
cancer diagnosis. We compared the plasma protein profiles of a
large number of pancreatic cancer patients and healthy controls
with identical age and gender distributions (Table 1) to identify a
biomarker for detecting pancreatic cancer patients in a large

_ Table 4. Diagnostic accuracy of the SELDI classifier . _.

Training cohort

Validation cohort (NCCH)

Validation cohort (TMUH)

No. cases  No. correctly No. cases No. correctly No. cases No. correctly
classified samples* (%) classified samples* (%) classified samples® (%)

Healthy 71 67 (94.4) 45 41 (91.1) 5 4 (80)
Pancreatitis 5 4 (80)
Tumor/cyst' 6 4 (66.6)
Cancer 71 69 (97.2) 33 30 (90.9) 9 8 (88.9)
Cancer location

Head 34 33 (97.1) 17 14 (82.4) 7 7 (100)

Body or tail 37 36 (97.3) .10 10 (100) 2 1 (50)

Unknown 0 0 6 10 {100)
Clinical stage

I 1 0 (0) 1 1 (100) 0 0

1 6 6 (100) 4 3 (73) 0 0

I 10 9 (90) 1 1 (100) 3 3 (100)

v 54 54 (100) 27 25 (92.6) 6 5 (83.3)

of “cancer.”
TPathologically unproven pancreatic tumnor and/or cyst.

*Nurnber of healthy and chronic pancreatitis cases, considered to be “healthy,’ and number of pancreatic tumor/cyst and cancer cases given a diagnosis
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Table 5. Detection rates with CA19-9, the SELDI classifier, and their combination

No. cases™ CA19-9, n (%) SELDI, n (%) Combination, n (%)

Healthy 39 3(7.7) 4 (103) 6 (15.4)
Cancer 29 25 (86.2) 26 (89.7) 29 (100)
Clinical stage

I 1 1 (100) 1 (100) 1 (100)

it 3 3-(100) 2 (66.6) 3 (100)

111 1 0 (0) 1 (100) 1 (100)

v 24 21 (87.5) 22 (91.7) 24 (100)

*Cases whose plasma samples were available for CA19-9 measurement in the NCCH validation cohort.

population composed mainly of healthy individuals. The repro-
ducibility of data obtained using the low-resolution instrument of
the ProteinChip system has been a concern, but employing a high-
resolution QqTOF instrument was found to significantly improve
mass accuracy and minimize day-to-day variations (Fig. 18). The
high reproducibility of measurements was confirmed not by using a
few high-intensity peaks selected intentionally but rather by using
all the peaks detectable in the entire range (intensity and m/z) of
mass spectra (Fig, 2). We also eliminated fractionation procedures,
which increased the number of detectable peaks but significantly
decreased reproducibility (Table 2; Fig. 2). A minimal set of four
low-molecular weight proteins (Fig. 3) was found to be sufficient
for discriminating pancreatic cancer patients with a sensitivity of
97.2% (69 of 71) and a specificity of 94.4% (67 of 71; Fig. 54). This
high discriminating capacity was confirmed by LOO cross-
validation and ROC analysis (Fig. 4). We confirmed the discrim-
inating capacity of our classifier in two independent validation
cohorts (Figs. 5B and 6) to eliminate accidental identification of
nonbiological/mathematical multivariate classifiers within a closed
cohort by overfitting.

We noticed that a peak at 11,516 m/z (H50) was detected in
19.4% of the pancreatic cancer patients in the training cohort but
in only 1.4% of the healthy controls (the peaks are indicated by a
red arrowhead in Fig. 3). Tolson et al. (26) reported that an 11.5-kDa
protein was detected in 32% of renal cell carcinoma patients but in
none of the normal controls. Howard et al. (27) identified 11,682
m/z proteins in the sera of lung cancer patients as a diagnostic
biomarker using matrix-assisted laser desorption/ionization
(MALDI)-TOE-MS. Both groups identified the proteins as frag-
ments of serum amyloid A. Serum amyloid A is an acute-phase
reactant and a biomarker for inflammatory disease. The serum
amyloid A level is elevated up to 1,000-fold during tissue damage
and inflammation and is also increased in patients with various
solid tumors and hematopoietic malignancies. However, serum
amyloid A has not been recognized as a tumor marker because of
its low positive rate (28, 29). Consistently, the 11,516 m/z peak was
not incorporated into our classifier, The discovery of a single
biomarker differing markedly between cancer patients and controls
as well as having a high positive rate in cancer patients would be
ideal but is perhaps not realistic. Since the discovery of CA19-9 in
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Figure 6. Confirmation in a second cohort treated at a different institution. A, calculated SVM distances of nine pancreatic cancer patients, six individuals with
pancreatic tumors and/or cysts, five chronic pancreatitis patients, and five healthy controls seen at TMUH. B, plasma CA19-9 levels in nine pancreatic cancer
patients, six individuals with pancreatic tumors and/or cysts, five chronic pancreatitis patients, and five healthy controls seen at TMUH. The cutoff value

was set at 37 units/mL.
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1982 (30), no single tumor marker applicable to the clinical
diagnosis of pancreatic cancer has been identified. The carcino-
genesis of pancreatic cancer is probably mediated via a variety of
molecular pathways (2, 31), and multimarker analysis of proteins
with different specificities is a realistic alternative to a conventional
single biomarker assay.

There are pros and cons to SELDI-MS with high-resolution
instruments, Although the primary goal of our study was the
development of a bioassay applicable to the detection of pancreatic
cancer, attempts to purify proteins from these four low-intensity
peaks without contamination by neighboring high-intensity peaks
have not been successful to date. However, the high reproducibility
of QqTOF-MS warrants direct clinical application of its measure-
ments and does not necessitate the actual protein identification of
these peaks. Zhang et al. (12) reported that a set of three peaks, at
3279, 12,878, and 28,043 m/z, could be used to detect early-stage
ovarian cancer. The 28,043 m/z peak was down-regulated in
ovarian cancer patients and was found to be derived from
apolipoprotein Al. The relatively abundant 28,080 m/z protein
identified as one of the peaks down-regulated in pancreatic cancer
patients in this study (Table 3; Fig. 3) may be related to
apolipoprotein Al. The mass deviation of 0.3% seen in the low-
resolution TOF-MS may represent a drift in this region as large as
84 m/z (28,080 X 0.003 = 84). At least four peaks were detected
between 28,000 and 28,100 m/z using the high-resolution QqTOF-
MS instrument (Fig. 3). These peaks merged and were detected as a
single peak with the low-resolution instrument (data not shown).
The intensities of the 8,766, 17,272, and 14,779 m/z peaks were one
magnitude smaller than that of the 28,080 m/z peak (Table 3) and
were apparently below the sensitivity of tandem MS. So-called top-
down proteomics using Fourier transform (FT)-MS (32) may be
necessary to identify the proteins indicated by the low-intensity
peaks of our classifier. However, an interface to the SELDI arrays is
currently not available for FT-MS.

No significant differences in the detection rates for our classi-
fier were observed among different stages of pancreatic cancer
(Table 4). Koomen et al. (33) did plasma protein profiling of
pancreatic cancer patienits using MALDI-MS and identified a set
of eight peaks distinguishing pancreatic cancer patients from
controls with a sensitivity of 88% and a specificity of 75%. Protein
identification revealed these peaks to be derived mainly from
host response proteins. Many low molecular weight proteins
detected by SELDI-MS in serum or plasma samples have also
been reported to be metabolic products, proteolytic fragments, or
peptide hormones. These proteins may not always be attributable
to direct secretion or production by cancer cells, instead being the
results of host responses in the microenvironment of the tumor
(7, 18, 34), such as stromal desmoplastic reactions, inflarnmation,
and angiogenesis. Two of eight pancreatic cancer patients who
were classified as having “cancer; but none of normal controls in
the TMUH validation cohort, had diabetes (data not shown). This
raises the possibility that diabetic conditions, which are often
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