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A B S T R A C T

Patient response to the anti-tumour drug 5-fluorouracil (5-FU) is variable, but predicting the

response rate is important for the selection of effective chemotherapy. Our aim was to

identify alterations in DNA copy number that influence susceptibility of cancer cells to 5-

FU-based drugs. The NCI public database was used to identify chromosome loci associated

with drug sensitivity and DNA copy number. One of the 11 candidates, the cytogenetic band

1p21.3, harbours the dihydropyrimidine dehydrogenase (DPD) gene. To validate this finding,

the DPD copy number and in vivo sensitivity to 5-FU-based drugs were determined in 31

human tumour xenografts. Those xenografts demonstrating low sensitivity had signifi-

cantly higher DPD copy numbers than highly sensitive tumours (P < 0.002). Moreover,

DPD mRNA expression levels were significantly correlated with DPD copy numbers

(P < 0.046). An assessment of copy number may be a more precise method of predicting

the sensitivity of cancer patients to 5-FU related drugs.

� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

5-Fluorouracil (5-FU) has been the most widely used agent in the

treatment of cancers for over 40 years. Although, when used as a

singleagent, its responserate is less than 20%,1 chemotherapeu-

tic regimens containing 5-FU play a central role in cancer

therapy. Alternative 5-FU-based medication, such as tegafur-

oxonate (TS-1) or capecitabine, offers improved response rates,
er Ltd. All rights reserved

; fax: +81 3 3811 6822.
(T. Kobunai).
but the response to these drugs is variable among treated pa-

tients. It is therefore of great importance to predict the response

rate of each individualcase inorder toreduce inappropriate che-

motherapeutic drug selection. This can be achieved by identify-

ing the underlying determinant to drug response, which may

significantly reduce the failure rate of cancer chemotherapy.

Recently developed technology for assessment of the hu-

man genome enables the identification of genetic variation(s)
.
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responsible for pathological events that have been caused, for

example, by loss-of-heterozygocity (LOH) or alterations in

gene copy number.2–4 Application of this technology has al-

ready allowed us to observe characteristic expression of gene

clusters associated with good and poor tumour prognosis.5–7

The gene copy number may determine the ‘strength of phe-

notype’, in that more copies may provide an increase in over-

all gene product activity. Those genes encoding drug

activating or deactivating enzymes are of particular interest.

We used the data mining procedure employing the cumu-

lative hypergeometric probability to identify regions of the

genome with highly enriched copy numbers. The copy num-

bers were then correlated with cancer cell line sensitivity to

5-FU. We validated the observed relationships using genetic

material derived from the xenografts of human cancers with

well established in vivosensitivity levels to 5-FU.

2. Materials and methods

2.1. Data mining source, statistical analysis and software

The National Cancer Institute database (NCI; http://dtp.nci.-

nih.gov) containing data from 58 NCI60 cell lines was used

as the main source of gene copy number,8 5-FU and tegafur

cytotoxicity data, and karyotype information.9 Downloaded

data were processed and then loaded into GeneSpringTM soft-

ware, version 7.2 (SiliconGenetics, Redwood, CA). All markers

were categorised according to their defined physical position

and cytogenetic band on the chromosomes.

To determine those discriminating markers that influence

5-FU sensitivity, the copy number profiles of the drug-sensi-

tive and drug-resistant groups of cancer cell lines were com-

pared using unpaired t-tests (with Welch’s correction for

unequal variances) calculating the statistical significance of

non-random representation at each cytogenetic band. This

overlapping P-value was calculated using hypergeometric

probability according to the following equation:

p ¼

Pn
i¼k

m

i

� �
u�m

n� i

� �

u

n

� � ;

where the probability (P) of overlap corresponding to k or

more markers between a marker list of n markers is com-

pared against a marker list of m markers randomly sampled

from a universe of u markers.

cDNA microarray data were downloaded from the NCI60

Cancer Microarray Project web site at Stanford University

(http://genome-www.stanford.edu/nci60/index.shtml). Fluo-

rescence intensity data were loaded and normalised by ‘LOW-

ESS normalization’ and ‘per gene normalization’. Correlation

coefficients were calculated using Spearman Rho and Tukey-

Kramer HSD tests with JMP5.0 software (SAS Institute, Tokyo,

Japan).

2.2. Human tumour xenografts and examination of
antitumour activity

In vivo experiments investigating the sensitivity of human tu-

mour xenografts to orally administered fluorinated pyrimi-
dine drugs at maximum tolerated doses have been

described previously.10 Based on these experiments, 31 hu-

man cancer cell line xenografts representing the five main tu-

mour types were tested for sensitivity to the fluorinated

pyrimidines UFT, TS-1, capecitabine (synthesised in our labo-

ratory) and 5 0-DFUR (Nippon Roche K. K., Tokyo, Japan). The

31 cell lines were breast (MC-5, H-31, MC-2, MX-1, MDA-MB-

435SHM, MDA-MD-231), colon (KM12C, HCT-15, KM20C, COL-

1, KM12C/FU, CO-3), lung (GT3TKB, LC-11, Lu-99, LX-1, LC-6,

Lu-134, Lu-130), pancreas (PAN-3, PAN-4, PAN-12, H-48, MIA-

PaCa-2, BxPC-3) and gastric (AZ-521, SC-2, ST-40, 4-1ST, SC-

4, OCUM-2MD3). An in-house database was created from

these results.

2.3. Genomic DNA preparation and quantitative real-time
PCR

Genomic DNA was extracted from 20 to 30 mg xenograft tis-

sue samples using the QIAAMP DNA mini kit (Qiagen Inc.,

Valencia, CA) according to the manufacturer’s instructions.

Quantitative real-time PCR was performed to determine

DPD copy number on a PRISM 7300 sequence detector (Ap-

plied Biosystems, Foster City, CA) using a QuantiTect SYBR

Green kit (Qiagen) and the following primers: Forward pri-

mer (5 0-CGGCCCTAGTCTGCCTGTT-3 0), reverse primer (5 0-

GAGTCTGCCAGTGACAAACCCT-3 0). We quantified the DNA

of each tumour by comparing the target locus to the refer-

ence Line-1, a repetitive element for which copy numbers

per haploid genome are similar among all normal and neo-

plastic human cells. The quantification is based on standard

curves from a serial dilution of human genomic DNA. The

relative target copy number level was also normalised to

normal human genomic DNA as calibrator. The copy number

change of the target gene relative to the Line-1 and the cal-

ibrator were determined by using the formula (Ttarget/TLine-1)/

(Ctarget/CLine-1), where Ttarget and TLine-1 are quantities from tu-

mour DNA by using target and Line-1, and Ctarget and CLine-1

are quantities from calibrator by using target and Line-1.11

2.4. Quantification of mRNA expression and DPD
enzymatic activity

Total RNA was extracted from 20 to 30 mg xenograft tissue

samples using the RNeasy kit (Qiagen) according to the man-

ufacturer’s instructions. Quantitative real-time RT-PCR was

performed on a PRISM 7700 sequence detector (Applied Bio-

systems) using a TaqMan EZ RT-PCR kit as previously de-

scribed.12 Amplification of specific PCR products was

detected using dual-fluorescent non-extendable probes la-

belled with 6-carboxyfluorescein (FAM) at the 5 0 end and with

6-carboxytetramethylrhodamine (TAMRA) at the 3 0 end. Hu-

man gene specific primers and TaqMan probe to amplify

DPD were 5 0-AATGATTCGAAGAGCTTTTGAAGC-3 0 (forward

primer), 5 0-GTTCCCCGGATGATTCTGG-3 0 (reverse primer), 5 0-

TGCCCTCACCAAAACTTTCTCTCTTGATAAGGA-3 0 (TaqMan

probe), generating a PCR fragment of 108 bp: primers and

probe for ACTB were 5 0-TCACCCACACTGTG CCCATCTACGA-

3 0 (forward primer), 5 0-CAGCGGAACCGCTCATTGCCAATGG-30

(reverse primer), 5 0-ATGCCCTCCCCCATGCCATCCTGCGT-3 0

(TaqMan probe), generating a PCR fragment of 295 bp: primers

http://dtp.nci.nih.gov
http://dtp.nci.nih.gov
http://genome-www.stanford.edu/nci60/index.shtml
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and probe for GAPDH were 5 0-GAAGGTGAAGGTCGGAGTC-30

(forward primer), 5 0-GAAGATGGTGATGGGATTTC-3 0 (reverse

primer), 5 0-CAAGCTTCCCGTTCTCAGCC-30 (TaqMan probe),

generating a PCR fragment of 226 bp. DPD mRNA expression

level was normalised using the geometric mean of those for

GAPDH and ACTB.

DPD enzymatic activity was measured as previously de-

scribed.13 In brief, tumour tissues were sonicated in 4 vol-

umes of homogenisation buffer [20 mM potassium

phosphate (pH 8.0) containing 1 mM EDTA and 1 mM b-

mercaptoethanol]. Each homogenate was centrifuged at

105,000g for 1 h at 4�C, and its supernatant (cytosol) was col-

lected. The enzyme reaction mixture, which contained 10 mM

potassium phosphate (pH 8.0), 0.5 mM EDTA, 0.5 mM b-

mercaptoethanol, 2 mM dithiothreitol, 5 mM MgCl2, 20 lM

[6-14C] 5-FU (American Radiolabeled Chemicals Inc., St. Louis,

MO), 100 lM NADPH and 25 ll of the cytosol fraction in a final

volume of 50 ll, was incubated at 37 �C for 30 minutes. Upon

termination of the reaction, an aliquot (5 ll) of supernatant

was applied to thin-layer chromatography (Silica gel 60F254;

Merck, Germany) and developed with a mixture of ethanol

and 1 M ammonium acetate (5:1, v/v). DPD activity was then

determined by measuring the sum of the dihydrofluorouracil

and 2-fluoro-b-alanine released from [6-14C] 5-FU.

3. Results

3.1. Data mining in the NCI database

In order to determine the relationship between the cytotoxic

effects of 5-FU (NSC19893) and genome-wide DNA copy num-

bers defined by high-density 125K arrays, the NCI60 panel cell

lines were arbitrarily classified as 5-FU-high- and 5-FU-low-

sensitive cell lines according to their respective GI50 values.

The 5-FU-high-sensitive cell lines were those with GI50 values

within the 25th percentile, while the 5-FU-low-sensitive cell

lines were above the 75th percentile. The remaining cell lines

were classified as intermediate sensitivity.
Table 1 – Summary of data mining results of the NCI-DTP data

Candidate cytobands influencing
5-FU sensitivity (data mining)

125K

Chromosome Cytogenetic band P-value 5-FU

1 p21.3 2.77E�44 1.6

12 p13.31 1.69E�76 1.9

12 q21.1 1.83E�49 1.9

12 q21.2 8.82E�109 1.9

12 q21.31 4.85E�138 1.9

12 q21.33 1.89E�109 2.0

12 q22 3.50E�99 2.1

12 q23.1 5.81E�125 2.0

13 q13.3 3.43E�44 1.8

13 q14.11 2.93E�65 2.0

16 q23.1 2.18E�68 2.0

a Affymetrix 125K SNP array data.8

b Estimated chromosomal band copy number from spectral karyotyping

c 5-FU sensitive cell lines.

d 5-FU resistant cell lines.
Welch’s t-test analysis without any multiple test correction

revealed that the copy numbers of 8468 out of 126,000 mark-

ers differed significantly (P < 0.05) between 5-FU-high- and

-low-sensitive cell lines. These 8468 markers, including 6300

coincidentally extracted markers, were then subjected to sim-

ilarity analysis using hypergeometric probability against the

marker lists for each cytogenetic band. The coincidentally ex-

tracted markers were expected to be distributed randomly

throughout the genome; therefore, by choosing an adequate

cutoff value in the similarity analysis, it should be possible

to identify statistically significant candidate loci that deter-

mine sensitivity to 5-FU cytotoxicity. Eleven of the 862 cyto-

bands tested were identified based on a P-value lower than

the defined cutoff value of 1 · 10E�40. These bands are poten-

tial candidate loci related to 5-FU cytotoxic effects (Table 1)

and contain more than 90 overlapping markers. The average

copy number of all markers on 1p21.3 was higher in 5-FU-

low-sensitive cell lines than in 5-FU-high-sensitive cell lines.

By contrast, the average copy number of markers contained

within the remaining 10 cytogenetic bands was higher in

5-FU-high-sensitive cell lines than in 5-FU-low-sensitive cell

lines.

3.2. DPD copy number and 5-FU cytotoxicity

As increased resistance to 5-FU is associated with a parallel

increase in DNA copy number, it seemed probable that the

DNA encoded an enzyme involved in 5-FU catabolism. Based

on the findings of recent clinical translational studies,14,15

dihydropyrimidine dehydrogenase (DPD) was a likely candi-

date for the rapid and direct disactivation of 5-FU. The DPD

copy number of cytogenetic band 1p21.3 was thus the first

to be investigated.

As shown in Fig. 1, the cytotoxic effects of 5-FU and tegafur

were significantly correlated with DPD copy number.

Although the cytotoxic potency of tegafur is two orders of

magnitude weaker than that of 5-FU, the correlation trends

are very similar. Further karyotype analysis of chromosomes
set

array dataa Average
copy number

SKY/M-FISH analysisb Average
copy number

Sc 5-FU Rd 5-FU Sc 5-FU Rd

9 2.02 2.21 3.13

5 1.52 2.47 2.51

9 1.65 2.83 2.82

8 1.60 2.83 2.82

8 1.55 2.83 2.82

0 1.56 2.83 2.82

3 1.67 2.78 2.34

9 1.65 2.78 2.22

5 1.51 2.77 2.53

0 1.58 2.89 2.58

4 1.72 2.30 2.55

.9
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Fig. 1 – The relationship between the cytotoxic effects of 5-FU (NSC19893) or tegafur (NSC148958) and gene copy number in 58

NCI60 panel cell lines as determined by two discrete methods. (a) Plot of log(GI50) of 5-FU or (b) tegafur against the average

DPD copy number calculated from the 125K-SNPs array data set. (c) Plot of log(GI50) of 5-FU or (d) tegafur against the 1p21-22

copy number from karyotype analysis.
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1p21 or 1p22 confirmed the correlation between copy number

and cytotoxicity of the drugs; however, this primary indica-

tion is complicated by the presence of other compensative

mechanisms involved in neutralisation of 5-FU. To confirm

the strength of this correlation, the average DPD copy num-

bers were compared with the level of DPD mRNA expression

as determined by cDNA microarray analysis within the

NCI60 project. As shown in Fig. 2, a significant relationship

between DNA copy number and DPD mRNA expression was

observed (R = 0.41, P = 0.0014). Moreover, a significant increase

in DPD mRNA expression was observed in cell lines possess-

ing more than two copies of DPD.
Fig. 2 – Relationship between DPD copy number and mRNA

expression levels as determined by cDNA microarray in 58

NCI60 panel cell lines.
3.3. DPD copy number analysis of human tumour
xenografts

To confirm whether the correlation between the DPD copy

number on chromosome 1p21.3 and 5-FU cytotoxicity is a

general phenomenon, we used SYBR-green real time PCR to

estimate the DPD copy number in 31 human tumour xeno-

grafts with a known response to 5-FU-related compounds.



Fig. 3 – Histogram of DPD copy number in 31 human tumour xenografts as determined by quantitative real-time PCR.
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The panel of human cancer xenografts was unrelated to the

cell lines of the NCI60 project, except for KM12C, HCT-15

and MDA-MB231.

Fig. 3 shows that the DPD copy number varied from 0.78 to

4.4. Since the expression of DPD mRNA in the NCI60 panel cell

lines was significantly increased when present at more than

two copies, the fact that 16 of the 31 xenografts had a copy

number greater than two suggests that their sensitivity to 5-

FU would be low.
Fig. 4 – Unsupervised hierarchical clustering of 31 human tumou

DPD copy number.
3.4. DPD copy number and fluoropyrimidine anti-tumour
activity in human tumour xenografts

The in vivo antitumour activity of UFT, 5 0DFUR, capecitabine

and TS-1 in nude mice implanted with different human tu-

mour xenografts after standardised treatment is shown as a

heat-map in Fig. 4. Based on unsupervised hierarchical clus-

tering, the DPD copy number is inversely proportional to the

antitumour activity of 5-FU-based drugs. The cancers can
r xenografts by in vivo susceptibility to 5-FU based drugs and
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Fig. 5 – Comparison of DPD copy number and in vivo sensitivity to the 5-FU-based drugs (a) UFT, (b) TS-1, (c) 5 0DFUR and

(d) capecitabine. Cancers were classified as drug resistant (R), drug sensitive (S), or drug moderate sensitive (M), according to

quartile values. The P-value of each plot, computed by the Tukey–Kramer HSD test, represents the differences among a set of

means that controls the significance level for multiple comparisons. The quantile box plots summarising the distribution of

copy number in each group and grand mean lines are shown.
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therefore be classified into three groups: drug resistant, drug

sensitive and moderately sensitive xenografts according to

their quartile values.

The Tukey–Kramer HSD test revealed that the DPD copy

number differed significantly between drug-resistant and

drug-sensitive xenografts following treatment with UFT,

50DFUR and capecitabine (P < 0.05) (Fig. 5). However, the differ-

ence in copy number between the two groups of xenografts is

not significant following treatment with TS-1.

3.5. DPD copy number, mRNA expression and enzymatic
activity

A significant correlation was observed between DPD copy

number and mRNA expression level (Spearman q = 0.36,

P = 0.046; Fig. 6). The DPD copy number was also positively

correlated with DPD enzymatic activity (Spearman q = 0.33,

P = 0.068).

4. Discussion

A low response rate of cancers to chemotherapy is often

caused by pre-existing natural mechanisms of defence against
cytotoxic drugs. This could be due to an increased copy num-

ber of the genes encoding drug-deactivation enzymes. To test

this hypothesis, we identified chromosome 1p21.3 as a candi-

date locus that is associated with cancer cell susceptibility to

5-FU. As the gene encoding the enzyme DPD is located in region

1p21.3, we determined the DPD copy number in 31 xenografts

and showed it to be significantly correlated with in vivo sensi-

tivity to 5-FU-based drugs. Interestingly, among the four 5-

FU-based drugs tested, TS-1 sensitivity does not correlate with

the DPD copy number. One may explain this by the fact that TS-

1 is a complex drug consisting of tegafur, oxonic acid and

CDHP, the latter being a strong inhibitor of DPD activity. There-

fore, the presence of a 5-FU-destructive enzyme is neutralised

by CDHP, thus minimising DPD-related resistance to 5-FU.

5-FU is converted intracellularly to fluorodeoxyuridine

monophosphate, and forms a stable ternary complex with

thymidylate synthetase (TS), resulting in the inhibition of an

enzyme vital for DNA synthesis. DPD catabolises endogenous

pyrimidines and pyrimidine-based antimetabolite drugs such

as 5-FU. Many studies have shown that DPD enzymatic activ-

ity or tumour expression levels of DPD mRNA are predictive

markers for the response to 5-FU-based chemotherapy.16,17

Salonga et al. reported a significant correlation between
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Fig. 6 – DPD mRNA expression (a) and DPD enzymatic activity (b) plotted against DPD copy number of 31 human tumour

xenografts. Enzymatic activity is expressed as pmol/min/mg protein.
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DPD expression levels in colorectal tumours, tumour respon-

siveness to 5-FU treatment and, most importantly, patient

survival.18 They determined a cutoff value of DPD expression

level, above which no tumours responded to 5-FU treatment.

However, this optimal cutoff value may vary among clini-

cal institutions due to mRNA instability, variation in PCR effi-

cacy and other technical differences. Here, we showed that

the DPD copy number in NCI60 cell lines and in 31 human tu-

mour xenografts significantly correlated with DPD mRNA

expression. Therefore, stable DNA, rather than fragile RNA,

might be a more useful marker for predicting clinical out-

come; indeed, we propose a stable cutoff value of two gene

copies per nucleus.

Ota et al. reported that chromosome 1 aberrations did not

correlate with DPD expression in micro tissue specimens of

breast cancer.19 This might be caused by a high discrepancy

in the number of cases of disomy (n = 6) and polysomy

(n = 38). Alternatively, it could be a result of the large distance

between the centromeric chromosome 1 fluorescent in situ

hybridisation (FISH) probe and the DPD gene on chromosome

1p21.3.

We believe that the wide application of DNA-based probes

in analyses such as FISH and comparative genomic hybridisa-

tion (CGH) will provide more precise information on the sensi-

tivity of a particular cancer to 5-FU treatment. Although there

are already a wide range of valuable anticancer drugs, they are

not always effective for particular cancer types or certain pop-

ulations of cancer patients. The unusual responses of cancers

to chemotherapy provide information on the feed-back mech-

anism(s) of cancer survival after exposure to harsh conditions

such as those induced by anticancer agents. For instance, the

overexpression of cell membrane pumps,20 modification of

cell receptors in the withdrawal syndrome of prostate can-

cers,21 and overexpression of drug-metabolising enzymes22

play a crucial role in neutralising the effects of anticancer

drugs in cancer cells. In the case of 5-FU related compounds,

other molecular targets must be taken into account such as

TS and thymidine phosphorylase. Overexpression of TS is

associated with a poor response rate,23 while thymidine phos-

phorylase may be essential for the activation of 5-FU,24 or may
be responsible for the rapid deactivation of 5-FU drugs, result-

ing in a weak anticancer activity.

The correlation between DPD copy number and sensitivity

to 5-FU drugs is a first step towards the improvement of che-

motherapy. It is now important to expand our studies to other

genes associated with 5-FU sensitivity to precisely discrimi-

nate against non-responding cancers. Although a recent

study on the correlation between gene copy number and drug

sensitivity in the NCI-60 cell panel did not identify 5-FU as a

drug associated with copy number, this could be a result of

the limited number of unique loci tested.25 However, the final

results of both this and the current study can be considered

complementary.

Considering recent trends in the field of drug development

and efforts made by the FDA in providing safe and effective

treatment (The Critical Path Initiative: http://www.fda.gov/

oc/initiatives/criticalpath/), the introduction of a specific test

such as the DPD copy number may meet social expectations.

The analysis is less prone to error than other techniques used

to date, and is affordable under health insurance systems.
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