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Abstract. Molecular markers predicting sensitivity to anti-
cancer drugs are important and useful not only for selecting 
potential responders but also for developing new combina-
tions. In the present study, we analyzed the difference in the 
sensitivity of xenograft models to capecitabine (Xeloda®), 
5'-deoxy-5-fluorouridine (5'-DFUR, doxifluridine, Furtulon®) 
and 5-FU by comparing the mRNA levels of 12 pyrimidine 
nucleoside-metabolizing enzymes. Amounts of mRNA in the 
tumor tissues of 80 xenograft models were determined by 
real-time RT-PCR and mutual correlations were examined. A 
clustering analysis revealed that the 12 enzymes were divided 
into two groups; one group consisted of 8 enzymes, including 
orotate phosphoribosyl transferase (OPRT), TMP kinase 
(TMPK) and UMP kinase (UMPK), and was related to the 
de novo synthesis pathway for nucleotides, with mRNA expres-
sion levels showing significant mutual correlation. In the other 
group, 4 enzymes, including thymidine phosphorylase (TP) 
and dihydropyrimidine dehydrogenase (DPD), were involved 
in the salvage/degradation pathway of the nucleotides, and the 
mRNA levels of this group were dispersed more widely than 
that of the de novo group. Antitumor activity was assessed in 
24 xenograft models for each drug. The antitumor activity of 
capecitabine and 5'-DFUR correlated significantly with the 
mRNA levels of TP and with the TP/DPD ratio, whereas the 
activity of 5-FU correlated significantly with OPRT, TMPK, 
UMPK and CD. In a stepwise regression analysis, TP and DPD 
were found to be independent predictive factors of sensitivity 
to capecitabine and 5'-DFUR, and UMPK was predictive of 
sensitivity to 5-FU. These results indicate that the predictive 
factors for sensitivity to capecitabine and 5'-DFUR in xenograft 

models may be different from those for 5-FU, suggesting that 
these drugs may have different responders in clinical usage.

Introduction

The oral fluoropyrimidine capecitabine (Xeloda®) is sequen-
tially activated by three enzymes (Fig. 1), carboxylesterase, 
cytidine deaminase (CD) and thymidine phosphorylase (TP), 
and generates 5-FU selectively within tumor tissues (1-4). 
5'-Deoxy-5-fluorouridine (5'-DFUR, doxifluridine, Furtulon®) 
is an anticancer drug mainly used for patients with breast, 
colorectal and gastric cancers in Japan and the rest of East 
Asia, and is an intermediate of the capecitabine activation 
pathway, which is generated from 5'-DFUR by CD in the liver 
and in tumors (Fig. 1). 5-FU that has been delivered to the 
tumor tissues is inactivated by an enzyme, dihydropyrimidine 
dehydrogenase (DPD), which is expressed in the tumor tissues. 
We previously demonstrated that the sensitivity of human 
tumor xenografts to capecitabine and 5'-DFUR correlated 
significantly with the expression ratio of TP to DPD in tumor 
tissues (5). On the other hand, thymidylate synthase (TS) and 
other pyrimidine nucleoside-metabolizing enzymes are also 
reported as predictive factors for 5-FU sensitivity (6-8). In 
the present study, therefore, we investigated the relationship 
between the expression levels of 12 enzymes associated with 
pyrimidine nucleoside metabolisms (including TP, DPD, 
and TS) in tumor tissues and the sensitivity of the tumors to 
capecitabine and 5'-DFUR as compared with that to 5-FU in 
xenograft models.

Analyzing the factors that predict sensitivity to anticancer 
drugs is important and useful not only for selecting potential 
responders but also for developing new combinations. By 
selecting patients who will potentially respond to the therapy, 
it is possible to avoid the unnecessary treatment of patients 
who would not respond, thus sparing them the possible 
adverse effects. Furthermore, predictive factors render scien-
tific rationales for new combination therapies, by which the 
sensitivity factor could be upregulated or the resistance factor 
be downregulated. In the present study, it was revealed that, 
of the pyrimidine nucleoside-metabolizing enzymes, only TP 
and DPD predicted a response to capecitabine and 5'-DFUR. 
Therefore, quantifying the expression levels of TP and DPD 
in tumor tissues makes it possible to select responders to 
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capecitabine and 5'-DFUR. Moreover, investigating how 
combination partners regulate their expression during 
therapy would optimize combination therapies. Furthermore, 
capecitabine and 5'-DFUR may also be effective in 5-FU 
failure patients, even though these agents are 5-FU derivatives.

Materials and methods

Xenograft models. We used 80 xenograft models as listed in 
Table I. We determined the expression levels of mRNA in the 
tumor tissues from 80 xenograft models.

Quantification of mRNA levels in the tumor tissues from 
xenograft models. Fig.  2 illustrates how the pathway of 
capecitabine, 5'-DFUR, and 5-FU exerts its antitumor activity 
through pyrimidine nucleoside-metabolizing enzymes. We 
determined the mRNA expression levels of the pyrimidine 
nucleoside-metabolizing enzymes listed in Table II by a real-

time RT-PCR method. Each mRNA level is expressed as the 
copy ratio to 103 copies of GAPDH. Primers and hybridization-
probes specific to each mRNA are listed in Table III. RNR 
consists of a heterodimer of M1 and M2 subunits.

Total RNA was extracted from tumor tissues, which were 
stored in liquid nitrogen immediately after resection from 
nude mice, using Sepazol reagent (Nacalai Tesque, Inc., Kyoto, 
Japan) according to the manufacturer's recommendations. 
RNA quality was verified by electrophoresis through agarose 
gel and visualization with SYBR Green II (Molecular Probes, 
OR, USA). After treatment of RNA with DNase I (Invitrogen, 
Carlsbad, CA, USA), cDNA was synthesized from total RNA 
by using Superscript II RNase H-free reverse transcriptase 
(Invitrogen) and T7-poly dT (Qiagen, Tokyo, Japan).

The copy number of mRNA was determined using cDNA 
as a template in LightCycler™ (http://www.roche-applied-
science.com/lightcycler-online/). PCR was performed in 
LightCycler using specific primers (Table III). Specific signals 

Figure 1. Activation pathway of capecitabine, and chemical structures of its metabolites. Capecitabine is activated to 5'-deoxy-5-fluorocytidine (5'-DFCR) 
by carboxyl esterase in the liver and to 5'-deoxy-5-fluorouridine (5'-DFUR) by cytidine deaminase in the liver and the tumor, and is finally converted to 
5-fluorouracil (5-FU) by thymidine phosphorylase in the tumor.

Figure 2. Metabolizing enzymes of capecitabine, 5'-DFUR and 5-FU. CD, cytidine deaminase; TP, thymidine phosphorylase; DPD, dihydropyrimidine dehy-
drogenase; UP, uridine phosphorylase; UK, uridine kinase; OPRT, orotate phosphoribosyl transferase; UMPK, UMP kinase; RNR, ribonucleotide reductase; 
TK, thymidine kinase; TMPK, TMP kinase; TS, thymidylate synthase.
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from the PCR product were detected in LightCycler by two 
methods. One included the SYBR-Green method (LightCycler 
FastStart Master SYBR-Green, Roche Diagnostics, Mannheim, 
Germany) applied to UP, TK1, OPRT, UMP-CMPK, RNRM1, 
and RNRM2. The other method was the hybridization probe 
method (LightCycler FastStart DNA hybridization probes, 
Roche Diagnostics) applied to TP, DPD, CD, TS, UK, TMPK 
and UMPK. Specific hybridization probes are listed in 
Table III. GAPDH mRNA was also quantified by SYBR-Green 
method as an internal standard. Primer sequences for GAPDH 
were 5'-ACAGTCAGCCGCATCTTCTTTTG-3' (forward) 
and 5'-CCCACTTGATTTTGGAGGGATCT-3' (reverse). All 
primers and hybridization probes were synthesized by Qiagen 
and Nippon Gene Research (Sendai, Japan), respectively.

For a standard curve to quantify the copy number of the 
PCR signal template, we constructed plasmids containing each 
PCR product and determined the copy number in the plasmid 
preparation by w/v concentration of plasmid. The mRNA 
expression levels of DPD were below the detection limit in 2 
xenografts (DLD-1 and LS513). All other species of mRNA 
were able to be quantified in all xenografts.

Evaluation of the sensitivity of xenografts and treatment 
schedule. We determined the sensitivity of xenografts to 
capecitabine, 5'-DFUR and 5-FU in 24 models. To evaluate 
their sensitivity to the treatment, we calculated tumor growth 
inhibition (TGI) by using the following equation: TGI% = 100 x 
(1 - ∆TVt/∆TVc), where ∆TVt is the tumor volume change after 
treatment with a drug and ∆TVc is the tumor volume change 
after treatment with vehicle. The number of mice was 5-10 in 
the drug- and vehicle-treated groups for every xenograft model. 
Tumor volume (TV) was estimated by using the following equa-
tion: TV = ab2/2, where a is the tumor length and b is the width.

The treatment schedule for each xenograft model is listed 
in Fig. 3A-C. A typical regimen is as follows: q7d or q5d for 
3 weeks at the maximum tolerated dose (MTD). Treatment 
period and MTD were slightly different in some models 
because of the different susceptibility to toxicity of the treat-
ment. The sensitivity to capecitabine, 5'-DFUR, and 5-FU is 
summarized in Fig. 3A, B and C, respectively.

Statistics. The mRNA levels in the tumor tissue were converted 
to logarithms before calculating the statistics. Correlation coef-

Table I. List of xenograft models investigated. 

Tumor type (no.)	 Cell lines

Bladder (4)	 5637, RT-4, Scaber, T-24
Breast (8) 	 BT474, KPL-4, MAXF401, MAXF449, MCF-7, MDA-MB-231, MDA-MB-468, MX-1
Cervical (6) 	 C-33A, CAC-1, HT-3, ME-180, SIHA, Yumoto
Colorectal (16)	 COLO201, COLO205, COLO320DM, CX-1, CXF280, DLD-1, HCT116, HCT15, HT-29,
	 LoVo, LS174T, LS411N, LS513, SW480, SW620, WiDr
Uterine (1)	 HEC-59
Gastric (6) 	 GXF97, MKN28, MKN45, NCI-N87, SNU-1, SNU-5
Hepatoma (4) 	 HLF, Huh-1, Huh-7, PLC/PRF/5
Lung (12)	 A549, Calu-1, Calu-3, Calu-6, LX-1, LXFL529, NCI-H292, NCI-H441, NCI-H569, PC10,
	 PC13, QG56
Melanoma (2)	 A431, SEKI
Ovarian (3)	 Nakajima, PA-1, SK-OV-3
Pancreatic (7)	 AsPC-1, BxPC-3, Capan-1, Hs766T, MIAPaCa-2, Panc-1, SU86.86
Pediatric (4)	 G-401, SK-ES-1, SK-N-AS, SK-PN-DW
Prostate (3)	 DU145, LNCaP-FGC, PC-3
Renal (2)	 ACHN, SN-12C

The human cancer lines used were obtained from the following institutions: MCF-7, MDA-MB-231, COLO201, COLO320DM, HCT116, 
LoVo, LS174T, SW480, BxPC-3, MIAPaCa-2, Panc-1, and ACHN from Dainippon Pharmaceutical (Osaka, Japan); MKN28, MKN45, 
PC-10, PC-13, QG-56, and SEKI from Immunological Laboratories (Fujioka, Japan); CXF280, MAXF401, MAXF449, GXF97, and 
LXFL529 from Professor H.H. Fiebig (Friberg University, Triberg, Germany); T-24 from Dr H. Akaza (Tsukuba University, Tsukuba, Japan); 
KPL-4 from Dr J. Kurebayashi (Kawasaki Medical School, Okayama, Japan); MX-1, CX-1, and LX-1 from Cancer Chemotherapy Center 
(Japanese Foundation for Cancer Research, Tokyo, Japan); CAC-1 and HEC-59 from Dr H. Sasaki (The Jikei University School of Medicine, 
Tokyo, Japan); Yumoto from Dr H. Tokita (Chiba Cancer Center, Chiba, Japan); LS411N and LS513 from Dr L. Suardet (Swiss Institute for 
Experimental Cancer Research, Epalinges sur Lausanne); HLF, Huh-7, and PLC/PRF/5 from Dr E. Kataoka (National Institute of Hygienic 
Sciences, Tokyo, Japan); Huh-1 from the Institute of Cellular and Molecular Biology (Okayama University, Okayama, Japan); Nakajima from 
Dr S. Adachi (Niigata University, Niigata, Japan); SN-12C from Dr S. Naito (Kyushu University, Fukuoka, Japan); and the other cancer lines 
from the American Type Culture Collection (Rockville, MD). Scaber, MAXF401, MAXF449, MDA-MB-231, MX-1, Yumoto, CX-1, CXF280, 
GXF97, MKN28, LX-1, LXFL529, Nakajima, and SK-OV-3 were maintained by continuous passage in BALB/c-nu/nu mice. The other cancer 
lines were maintained in in vitro cultures.
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ficient (r) and significance of correlation (p) were calculated by 
a statistics software, StatView. Stepwise regression analysis, a 
type of multivariate analysis, was also performed by StatView. 

Clustering analysis was performed by Eisen Gene Cluster 
using single linkage clustering method with similarity metric 
for uncentered correlation.

Table II. List of pyrimidine nucleotide-metabolizing enzymes investigated.

mRNA	 Enzyme name	 Synonyms	 EC

TP	 Thymidine phosphorylase	 ECGF-1, PD-ECGF	 2.4.2.4
DPD	 Dihydropyrimidine dehydrogenase		  1.3.1.2
CD	 Cytidine deaminase		  3.5.4.5
UP	 Uridine phosphorylase		  2.4.2.3
TS	 Thymidylate synthase		  2.1.1.45
TK1	 Thymidine kinase 1		  2.7.1.21
UK	 Uridine kinase	 UCK2	 2.7.1.48
OPRT	 Orotate phosphorybosyl transferase	 UMP synthetase	 4.1.1.23 (2.4.2.10)
TMPK	 TMP kinase	 Thymidylate kinase	 2.7.4.9
UMPK	 UMP kinase	 UCK1	 2.7.4.4
UMP-CMPK	 UMP kinase	 UMP-CMP kinase 	 2.7.4.14
RNR M1	 Ribonucleotide reductase		  1.17.4.1
RNR M2	 Ribonucleotide reductase		  1.17.4.1

Table III. List of sequences of primers and hybridization-probes used.

mRNA	 NCBI accession	 Primer Sequence 	 Hybridization-probe sequence
	 no.

TP	 NM_001953	 Same sequences as primers in a commercial kita	 Same sequences as probes in a commercial kita

DPD	 NM_000110	 Same sequences as primers in a commercial kita	 Same sequences as probes in a commercial kita

CD	 NM_001785	 5'-CAGGAGGGGAGAATCTTCAAA	 5'-ATCTGTGCTGAACGGACCGC-FITC
		  5'-AGGCCCCACATGGAGAGATA	 5'-p-ATCCAGAAGGCCGTCTGAGAAGG-LCRed640

UP	 NM_003364	 5'-TTTGTCGCCGGTGTCG	 SYBR Green method
		  5'-CGCGAGTCACCTCACCAA

TS	 NM_001071	 5'-GATCCCGAGACTTTTTGGACAGCC	 5'-GAATCATCATGTGCGCTTGGAATC-FITC
		  5'-CCATGTCTCCCGATCTCTGGTACA	 5'-p-AAGAGATCTTCCTCTGATGGCGCT-LCRed640

TK1	 NM_003258	 5'-TGCACACATGACCGGAACAC	 SYBR Green method
		  5'-GGCCTCGCAGAACTCCATG

UK	 NM_031432	 5'-GAGTTCTGCCTGCCGACAA	 5'-TGATCATCCCTAGAGGTGCAGATAATC-FITC
		  5'-TGGTCCCCTGGCTCAGAA	 5'-p-GGTGGCCATCAACCTCATCG-LCRed640

OPRT	 NM_000373	 5'-GGGGGTGCCTCCTTATTG	 SYBR Green method
		  5'-TTGTGGGCTATTGTACTGTTGG

TMPK	 NM_012145	 5'-GCTGGGAACAAGTGCCGTT	 5'-CGGTGAAGGCCACACCAGAA-FITC
		  5'-GCCCACGTCTGGCTGTTTAC	 5'-p-ATGCGTATCTGTCCACGACGAGG-LCRed640

UMPK	 NM_012474	 5'-GGAATTCTGCTTGCCAACAA	 5'-TGCAAATGGCACCGAGGAGG-FITC
		  5'-GCTGGGGTCCGATGGAG	 5'-p-TCCAATGGGCGGAGCTACAA-LCRed640

UMP-CMPK	 NM_016308	 5'-GATTCTCCTCTGCTCTCCACG	 SYBR Green method
		  5'-TTGTCTGATCCATTTCCCTCTTT

RNR M1	 NM_001033	 5'-TGGATGAGGTTTGGGGAGAG	 SYBR Green method
		  5'-GCATTTGATGGTTCCCAGGT

RNR M2	 NM_001034	 5'-CACGGAGCCGAAAACTAAAG	 SYBR Green method
		  5'-ATTTGGAAGCCATAGAAACAGC

The primer sequence indicated in the upper and the lower line of each enzyme is Fwd and Rev, respectively. aObtained from Roche Diagnostics.
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Results

mRNA expression levels of pyrimidine nucleoside-metab-
olizing enzymes. In the 80 models, the range of mRNA 
expression levels of TP, DPD, CD and UP was wider than 
that of TS, TK1, UK, OPRT, TMPK, UMPK, UMP-CMPK, 
RNRM1 and RNRM2 (Fig. 4). In the correlation analysis of 
these mRNA levels, the 12 types of enzymes were found to be 
divided into 2 groups. The first group included TS, TK1, UK, 
OPRT, TMPK, UMPK, UMP-CMPK, RNRM1 and RNRM2, 
and the expression levels of these mRNA were well correlated 
with each other. The second group included TP, DPD, UP, and 
CD, and their mRNA levels were also somewhat correlated 
with each other (Fig.  5). However, there were only weak 
correlations between the expression levels of the first group 
and those of the second group (Fig. 5). The clustering analysis 
for the mRNA expression in tumors also revealed that the 12 

types of pyrimidine nucleoside-metabolizing enzyme could be 
divided into 2 clusters (Fig. 6), one including TP, DPD, CD, 
and UP and the other including TS, TK1, UK, OPRT, TMPK, 
UMPK, UMP-CMPK, RNRM1 and RNRM2.

Correlation between mRNA levels and sensitivity to fluoro-
pyrimidines in xenografts. Fig. 3 summarizes the sensitivity 
(TGI%) of 24 xenografts to capecitabine, 5'-DFUR and 5-FU 
(Fig. 3A, B and C, respectively). Table IV shows the correla-
tion between mRNA levels in tumor tissues and sensitivity 
to capecitabine, 5'-DFUR and 5-FU in xenograft models. In 
univariate analysis, it was demonstrated that the sensitivity to 
capecitabine correlated significantly with the mRNA level of 
TP positively, and with that of TS negatively. Similarly, the 
expression levels of TP were correlated positively, and those of 
DPD negatively, with the sensitivity to 5'-DFUR. The expres-
sion ratio of TP to DPD showed significant correlation with the 

  A   B

  C

Figure 3. Summary of sensitivity to fluoropyrimidines with a list of treatment schedules and doses. Bar graph shows the tumor growth inhibition (TGI%) of 
capecitabine (A), 5'-DFUR (B), and 5-FU (C) in 24 xenograft models. The left-hand lists summarize the treatment schedules and doses for capecitabine (A), 
5'-DFUR (B), and 5-FU (C) in each xenograft model.
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sensitivity to capecitabine and 5'-DFUR (r=0.746 and r=0.798, 
respectively). On the other hand, the sensitivity to 5-FU 
showed a significant positive correlation with CD, OPRT, 
TMPK, UMPK and UMP-CMPK but not with mRNA levels 
of TP, DPD and TS, and the TP/DPD ratio did not show signifi-
cant correlation with the sensitivity to 5-FU. As there was a 
significant correlation among several of the expression levels of 
mRNAs, we next analyzed the independent explanatory vari-
able for the drug sensitivity by a stepwise regression method, a 
type of multivariate analysis. In the results, the mRNA levels 
of TP and DPD emerged as independent explanatory variables 
for the sensitivity to capecitabine. The same was equally true 
of 5'-DFUR. On the other hand, the independent explanatory 
variable for that of 5-FU was the expression level of UMPK.

Discussion

De novo versus salvage. In 80 xenograft models listed in 
Table I, we determined the mRNA levels in the tumor tissues 
of pyrimidine nucleoside-metabolizing enzymes listed in 
Table II. Fig. 4 summarizes the mRNA expression levels of 
each enzyme in the tumor tissues: 13 species of mRNA of 12 
types of enzymes (RNR consists of heterodimer of M1 and 
M2 subunits). These data demonstrate that the deviation of 
mRNA expression levels of TP, DPD, CD, and UP was larger 
than that of the other pyrimidine nucleoside-metabolizing 
enzymes: TS, TK1, UK, OPRT, TMPK, UMPK, UMP-CMPK, 
RNRM1, and RNRM2. The former set of enzymes can be 
classified into the salvage/degradation pathway of pyrimidine 
nucleotide metabolism, and the latter set into the de novo 
synthesis pathway. The de novo pathway enzymes would be 
essential for cell proliferation, whereas the salvage enzymes 
may not necessarily be required. Therefore, it is probable that 
the expression of the de novo enzymes is tightly regulated 
within appropriate levels, whereas that of salvage enzymes is 
not. Indeed, the expression levels of the de novo enzymes, TS, 

TK1, UK, OPRT, TMPK, UMPK, UMP-CMPK, RNRM1, 
and RNRM2, correlated with each other significantly, 
whereas those of the salvage enzymes, TP, DPD, CD, and UP, 
were found to correlate to a lesser extent. Furthermore, the 
salvage enzymes and the de novo enzymes were respectively 
categorized in 2 clusters by a clustering analysis of the mRNA 
expression (Fig. 6). These clusters suggest that the regulation 
of enzymes in the de novo pathway is independent of that in 
the salvage.

Figure 4. mRNA expression levels of pyrimidine nucleoside-metabolizing 
enzymes. The expression levels of mRNA in the tumor tissues were deter-
mined by real-time RT-PCR as described in Materials and methods. Boxes 
in the figure indicate the range where half of the data is included (between 
upper and lower quartile). A line in each box indicates the median value. Bars 
above and below each box indicate the range of lower 10% and upper 90%, 
and closed circles indicate values beyond these ranges.

Table IV. Correlation between mRNA levels and sensitivity to 
fluoropyrimidines.

	 Correlation with sensitivity to
	 -----------------------------------------------------------------------------------
mRNA	 Capecitabine	 5'-DFUR	 5-FU

TP	 0.587	 0.463	 0.187
	 0.0021	 0.0216	 0.3848

DPD	 -0.513	 -0.613	 -0.221
	 0.0113	 0.0014	 0.3142

CD	 0.016	 -0.227	 0.470
	 0.9403	 0.2907	 0.0196
UP	 -0.080	 -0.162	 0.290
	 0.7131	 0.4527	 0.1712

TS	 -0.260	 -0.295	 0.303
	 0.2228	 0.1640	 0.1513

TK1	 -0.014	 -0.115	 0.381
	 0.9498	 0.5957	 0.0659

UK	 -0.028	 -0.019	 0.144
	 0.8968	 0.9298	 0.5067

OPRT	 -0.077	 -0.170	 0.434
	 0.7240	 0.4327	 0.0338
TMPK	 -0.273	 -0.281	 0.431
	 0.1996	 0.1850	 0.0348
UMPK	 -0.032	 0.011	 0.554
	 0.8830	 0.9586	 0.0042
UMP-CMPK	 -0.138	 -0.234	 0.458
	 0.5235	 0.2756	 0.0235
RNRM1	 -0.163	 -0.128	 0.286
	 0.4496	 0.5560	 0.1775

RNRM2	 -0.052	 0.008	 0.343
	 0.8108	 0.9720	 0.1014

TP/DPD	 0.746	 0.798	 0.324
	 <0.0001	 <0.0001	 0.1328

Correlation between mRNA levels in the tumor tissues and the 
sensitivity of the xenografts to capecitabine, 5'-DFUR, and 5-FU 
were respectively analyzed as described in Materials and methods. 
Correlation efficient (r) and significance (p) is indicated in the upper 
line and lower line for each enzyme, respectively. Correlation with 
p<0.05 is in bold.
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TP and DPD as predictive factors for capecitabine and 
5'-DFUR. Tumor levels of TP and DPD have been found to 
correlate with the sensitivity of xenografts to capecitabine 
and 5'-DFUR (5). Since both drugs exert antitumor activity 
after being converted to 5-FU (Fig. 2), the other enzymes 
metabolizing 5-FU may influence the antitumor activities 
of these drugs. Therefore, we analyzed the relationship 
between the sensitivity of xenografts to the fluoropyrimidines 
(capecitabine, 5'-DFUR and 5-FU) and the tumor levels of 
mRNA of the pyrimidine nucleoside-metabolizing enzymes, 
including TP and DPD. The sensitivity of xenografts to 
capecitabine correlated significantly with TP, CD, and TS, 
and that to 5'-DFUR correlated significantly with TP and 
DPD. The expression ratio of TP to DPD correlated well with 
capecitabine and 5'-DFUR. On the other hand, the expression 
levels of OPRT, TMPK, UMPK, UMP-CMPK, and CD corre-
lated significantly with the sensitivity of xenografts to 5-FU, 
but those of TP and DPD did not. As stated above, the expres-
sion levels of these enzymes significantly correlated with each 
other in some cases. Therefore, we analyzed the independent 

explanatory factors for the sensitivity of xenografts by using 
a stepwise regression method, a type of multivariate analysis. 
Consequently, it was revealed that the independent explana-
tory factors for the sensitivity to capecitabine and 5'-DFUR 
were the mRNA levels of TP and DPD, whereas that to 5-FU 
was only UMPK. In the present study, it was demonstrated 
that out of 12 types of pyrimidine nucleoside-metabolizing 
enzymes, TP and DPD had the most influence on the efficacy 
of capecitabine and 5'-DFUR. Therefore, it may be possible 
to predict the response to capecitabine and 5'-DFUR by 
quantifying only the expression levels of TP and DPD. On 
the other hand, the predictive factor for 5-FU was different 
from capecitabine and 5'-DFUR. Therefore, although they are 
categorized as 5-FU derivatives, capecitabine and 5'-DFUR 
may be effective even in 5-FU failure.

TP upregulation. In the present study, the tumors with low 
expression levels of TP did not respond well to capecitabine 
and 5'-DFUR. However, these tumors would respond to these 
chemotherapeutics if TP expression could be upregulated in 
the tumor tissues. TP expression in the tumor tissues of animal 
models was reported to be upregulated after treatment with 
antitumor drugs (9,10) or irradiation (11). In clinical studies, it 
has also been reported that the TP levels in breast carcinoma 
cells were augmented after docetaxel was administered as a 
neoadjuvant chemotherapy in advanced breast cancer patients 
(12). Toi and Ohni (13) reported that a marked increase in TP 
expression was found in tumors from patients with operable 
breast cancer who were treated with anthracycline and cyclo-
phosphamide in combination (AC and EC) or with docetaxel. 
Therefore, the combination therapy of capecitabine/5'-DFUR 
with anticancer drugs that induce TP in the tumor tissue would 
be a promising option for cancer treatment. A phase III study 

Figure 5. Correlation among the expression levels of mRNAs. Correlation among the mRNA expression levels of pyrimidine nucleoside-metabolizing enzymes 
in the tumor tissues of 80 xenograft models was analyzed as described in Materials and methods. Correlation efficient (r) and significance (p) is indicated in 
the upper line and lower line of each box, respectively. Correlation with p<0.0001 is in bold.

Figure 6. Clustering analysis for mRNA expression of each enzyme. The 
dendrogram of enzymes was drawn using the Eisen Gene Cluster software.
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demonstrated that combination therapy of capecitabine with 
docetaxel is more effective than single-agent docetaxel in 
patients with advanced breast cancer (14).

Clinical investigation of predictive factors TP and DPD for 
individualized therapy. In clinical studies, the tumor levels of 
TP and DPD have been reported to correlate with the efficacy 
of capecitabine and 5'-DFUR (15-17). TP and DPD may be 
predictive for the response to these chemotherapeutics in many 
types of cancer. Further study validating is needed to confirm 
the possibility that tumors with a high TP or TP/DPD ratio 
would respond well to capecitabine and 5'-DFUR. The expres-
sion levels of TP and DPD in tumor tissues can be determined 
by measuring mRNA levels as shown in the present study, and 
also by immunohistochemistry and ELISA (18-21). Currently, 
various methods are available to determine the expression 
levels of TP and DPD, as circumstances demand.

In conclusion, the present study demonstrated that of the 
major pyrimidine nucleoside-metabolizing enzymes, only 
TP and DPD were predictive factors in tumor tissues for the 
sensitivity to capecitabine and 5'-DFUR in xenograft models. 
This suggests the possibility of selecting patients who would 
potentially respond to capecitabine and 5'-DFUR by deter-
mining TP and DPD levels in tumor tissues. In addition, our 
study demonstrated that the predictive factor for capecitabine 
and 5'-DFUR was different from that for 5-FU in xenograft 
models. It means that capecitabine and 5'-DFUR would be 
effective even in 5-FU failure patients. The combination 
therapies of capecitabine with various drugs are now being 
clinically evaluated in patients for whom regimens including 
5-FU have failed.
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