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Dihydropyrimidine Dehydrogenase Activity and Messenger
RNA Level May Be Related to the Antitumor Effect of
5-Fluorouracil on Human Tumor Xenografts in
Nude Mice
levels were significantly correlated with 5-FU sensitivity,
with high DPD activity and high DPD mRNA level resulting
in low sensitivity to 5-FU. In contrast, no correlation between TS level and 5-FU sensitivity was observed. Tumoral
DPD activity and DPD mRNA level may be useful indicators
in predicting the antitumor activity of 5-FU.
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INTRODUCTION

ABSTRACT
We investigated the correlation between tumor sensitivity to 5-fluorouracil (5-FU) and the enzymatic activity and
mRNA levels of thymidylate synthetase (TS) and dihydropyrimidine dehydrogenase (DPD) using human tumor xenografts in nude mice. Three gastric carcinoma xenografts
(SC-1-NU, St-4, and H-111), two colon carcinoma xenografts
(Co-4 and Col-3-JCK), one pancreatic carcinoma xenograft
(PAN-3-JCK), and one breast carcinoma xenograft (MX-1)
were inoculated into nude mice. When the resultant tumors
reached 100 –300 mg, 5-FU was administered i.p. at a dose of
60 mg/kg in a schedule of three times every 4 days, and the
antitumor activity of 5-FU was evaluated as the relative
mean tumor weight in treated mice compared to control
mice. Xenografts were also inoculated into untreated nude
mice. When tumors weighed 200 –300 mg, tumor tissues
were resected for measurement of tumoral TS and DPD. TS
and DPD activities were detected by the TS-binding assay
and a radioenzymatic assay, respectively. mRNA levels were
measured by semiquantitative reverse transcription-PCR,
with glyceraldehyde-3-phosphate dehydrogenase coamplified as an internal standard. TS and DPD activities ranged
from 84.7 to 775.5 fmol/mg protein and from not detectable
to 79.7 pmol/min/mg protein, respectively. TS and DPD
mRNA levels ranged from 0.51 to 9.90 and from not detectable to 0.93, respectively. The enzymatic activities of TS and
DPD were correlated with observed mRNA levels. DPD
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Although 5-FU2 is considered to be one of the most effective agents against gastrointestinal carcinomas, its efficacy rate
is only 10 –15% for gastric and colon cancer (1, 2). Two main
modes of action have been proposed for 5-FU through its active
metabolites, FdUMP and 5-fluoro-UTP. FdUMP suppresses TS
(EC 2.1.1.45) by forming a covalent ternary complex with
5,10-methylenetetrahydrofolate, which subsequently inhibits
DNA synthesis (3). 5-Fluoro-UTP is incorporated into cellular
RNA, resulting in RNA dysfunction (4). Several reports (5–9)
have indicated that TS expression in clinical tumor samples was
significantly related to the response to 5-FU in gastric and
colorectal cancer patients. Johnston et al. (7) have reported that
TS expression level was an important independent prognosticator of survival in primary rectal cancer patients.
5-FU is catabolized to 2-fluoro-b-alanine mainly in the
liver via three enzymes: DPD (EC 1.3.1.2), the first and ratelimiting enzyme, followed by dihydropyrimidinase and b-ureidopropionase. Several recent studies (10 –13) concerned with
5-FU antitumor effects have demonstrated that tumoral DPD
activity varied between different human tumor cell lines and
clinical samples of patients with head and neck, liver, and
colorectal cancers. Etienne et al. (11) determined tumoral:nontumoral DPD activity ratios (normalized DPD) in tumor biopsy
specimens from head and neck cancer patients before administration of 5-FU-based chemotherapy and reported that complete
responders exhibited significantly lower normalized DPD values than partial or nonresponding patients. Moreover, some
DPD inhibitors, such as 5-etynyluracil (14), uracil (15), and
5-chloro-2,4-dihydroxypyridine (16), have been demonstrated
to enhance the antitumor activity of 5-FU in human tumor cell
lines. Beck et al. (10) measured TS and DPD activities in a
panel of 19 human tumor cell lines in parallel with 5-FU
responsiveness and showed that both TS and DPD activities
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The abbreviations used are: 5-FU, 5-fluorouracil; FdUMP, 5-fluorodUMP; TS, thymidylate synthetase; DPD, dihydropyrimidine dehydrogenase; q4d33, three times every 4 days; RW, relative mean tumor
weight; b-ME, b-mercaptoethanol; RT-PCR, reverse transcription-PCR;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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MATERIALS AND METHODS
Human Tumor Xenograft and Nude Mice. Three gastric carcinoma xenografts (SC-1-NU, St-4, and H-111), two
colon carcinoma xenografts (Co-4 and Col-3-JCK), one pancreatic carcinoma xenograft (PAN-3-JCK), and one breast carcinoma xenograft (MX-1) were used in this study. SC-1-NU (22)
and H-111 (23) were kindly provided by Dr. M. Yamauchi
(Nagoya University, Nagoya, Japan) and Dr. M. Fujita (Osaka
University, Osaka, Japan) respectively. Col-3-JCK (24) and
PAN-3-JCK (25) were established at the Central Institute for
Experimental Animals (Kawasaki, Japan) and provided by Dr.
T. Nomura. MX-1 was established by Giovanella et al. (26) and
was kindly provided by Dr. K. Inoue, Cancer Chemotherapy
Center (Tokyo, Japan). The other lines were established in the
Pathology Division of the National Cancer Center Research
Institute (Tokyo, Japan; Ref. 27). These xenografts were established 15–20 years ago and have been serially passaged in our
laboratory without any changes in histological findings and
chemosensitivity. Male nude mice with a BALB/cA genetic
background were purchased from CLEA Japan, Co., Ltd. (Tokyo, Japan). Six- to 8-week-old mice weighing 20 –22 g were
used for the experiments.
Chemicals. 5-FU was purchased from Kyowa Hakko
Kogyo, Co., Ltd. (Tokyo, Japan). [6-3H]FdUMP (16.9 Ci/
mmol) was obtained from Moravek Biochemicals, Inc. (Brea,
CA). [6-14C]5-FU (56 mCi/mmol) was from American Radiolabeled Chemicals Co. (St. Louis, MO), and NADPH was from
Sigma Chemical Co. (St. Louis, MO). All other chemicals used
were the highest standard grade commercially available.
Antitumor Activity of 5-FU. Tumor tissue fragments,
each measuring ;3 3 3 3 3 mm, were inoculated into s.c.
tissues of the bilateral dorsum of ether-anesthetized nude mice,
using a trocar needle. Implanted tumors were measured (length
and width) with a sliding caliper three times weekly by the same
observer.
Tumor weight was calculated according to the method of
Geran et al. (28) from linear measurements using the formula:
tumor weight (mg) 5 length (mm) 3 [width (mm)]2/2. When
tumors reached 100 –300 mg, tumor-bearing mice were allocated randomly to test groups, each consisting of five mice, and
treatment was initiated. 5-FU was administered i.p. at a dose of

60 mg/kg in a schedule of q4d33, determined to be the maximum tolerated dose in nude mice in our previous report (27).
RW was calculated as RW 5 Wi/W0, where Wi is the mean
tumor weight at any given time and W0 is the mean tumor
weight at the time of initial treatment. The antitumor activity of
5-FU was evaluated as the lowest T/C value (%) during the
experiment, where T is the RW of the treated group and C is the
RW of the control group at any given time. The antitumor
activity was evaluated as sensitive when the lowest T/C value
was #42%, which was calculated from (0.75)3, corresponding
to a 25% reduction of each dimension (29).
Collection of Tumor Tissues. When the s.c. inoculated
tumor xenografts reached exponential growth in untreated nude
mice, the mice were sacrificed, and tumors weighing 200 –300
mg were resected for measurement of TS and DPD activity and
mRNA levels. Three tumors of each xenograft were collected
and immersed in liquid nitrogen immediately after resection and
stored at 280°C until analysis.
FdUMP Binding Assay. Tumors were homogenized
with three volumes of 200 mM Tris-HCl (pH 8.0) containing 20
mM b-ME, 100 mM NaF, and 15 mM CMP and centrifuged at
105,000 3 g for 60 min. The resultant supernatant was used for
the determination of TS activity according to the method of
Spears et al. (30) using [6-3H]FdUMP as substrate.
DPD Enzymatic Assay. The DPD enzymatic assay was
based on the method described by Takechi et al. (15). Briefly,
tumor tissues were sonicated in four volumes of homogenization
buffer [20 mM potassium phosphate (pH 8.0) containing 1 mM
EDTA and 1 mM b-ME ]. Each homogenate was centrifuged at
105,000 3 g for 1 h at 4°C, and supernatant (cytosol fraction)
was collected. The enzyme reaction mixture contained 10 mM
potassium phosphate (pH 8.0), 0.5 mM EDTA, 0.5 mM b-ME, 2
mM DTT, 5 mM MgCl2, 20 mM [6-14C]5-FU, 100 mM NADPH,
and 25 ml of the cytosol fraction in a final volume of 50 ml and
incubated at 37°C for 30 min. DPD activity was determined by
measuring the sum of the dihydrofluorouracil and 2-fluoro-balanine products formed from [6-14C]5-FU. Supernatant aliquots (5 ml) were applied to TLC plates (silica gel 60 F254;
Merck, Germany) and developed with a mixture of ethanol and
1 M ammonium acetate (5:1, v/v), according to the method of
Ikenaka et al. (31). Each product was visualized and quantified
using an image analyzer (BAS-2000; Fujix, Tokyo, Japan).
Semiquantitative RT-PCR. Semiquantitative RT-PCR
was performed using method of Takechi et al. (32). Total RNA
for each homogenate was isolated using the RNeasy mini kit
(Qiagen Inc., Chatsworth, CA) according to manufacturer instructions. Total RNA yields and purity were determined spectrophotometrically by measuring the absorbance of aliquots at
260 and 280 nm. RNA integrity was checked by visualizing
rRNA bands by agarose gel electrophoresis in the presence of
formaldehyde.
Reverse transcription with 10 mg of total RNA was carried
out in a total volume of 100 ml containing 250 pmol of oligo(dT)18, 80 units of rRNasin RNase inhibitor (Promega,
Madison, WI), and 500 units of Moloney murine leukemia virus
reverse transcriptase (Life Technologies, Inc., Gaithersburg,
MD) in 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10
mM DTT, and 0.5 mM dNTPs. Initially, RNA and oligo(dT)18
were heated at 70°C for 10 min and immediately chilled on ice,
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were significantly correlated with 5-FU effectiveness; i.e., the
greater the enzymatic activity, the higher the 5-FU IC50.
To evaluate factors determining appropriate antitumor
agents, we have investigated several chemosensitivity tests,
including human tumor clonogenic assay (17), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H tetrazolium bromide assay (18,
19), and histoculture drug response assay (20, 21), which predict
the sensitivity of tumor cells and/or tumor tissues to different
agents with high rates of predictability. Although these assays
are suitable for the evaluation of the efficacy of agents with
different modes of action, significant amounts of tumor tissue
are required to perform these methods.
The objective of this study was to clarify the correlation
between TS/DPD activity and mRNA levels with the antitumor
activity of 5-FU on human tumor xenografts serially transplanted in nude mice.
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RESULTS
Chemosensitivity of Human Tumor Xenografts to
5-FU. In vivo chemosensitivity of the human tumor xenografts
is shown in Table 2. SC-1-NU, H-111, and Co-4 were sensitive
to 5-FU, with lowest T/C ratios of 8.4, 31.3, and 13.4%, respectively, whereas St-4, Col-3-JCK, PAN-3-JCK, and MX-1 were
less sensitive to 5-FU, with lowest T/C ratios of 87.6, 98.0, 88.6,
and 54.1%, respectively.
TS and DPD Levels. TS and DPD levels in the seven
human tumor xenografts are shown in Table 3. TS activity was
measurable in all human tumor xenografts and varied within a
10-fold range (84.7 6 10.7–775.5 6 131.5 fmol/mg protein in
seven xenografts). DPD activity was measurable in all but one
human tumor xenograft (Co-4) and varied over a 113-fold range
(0.7 6 0.4 –79.7 6 25.1 pmol/min/mg protein in six xenografts).
TS mRNA was measurable in all human tumor xenografts and
varied within a 20-fold range (0.51 6 0.07–9.90 6 1.38 TS:

Table 1
mRNA
TS
DPD
GAPDH

Primers for TS, DPD, and GAPDH amplification
Bases

Sequences (59 3 39)

989–1010
1567–1547
2516–2536
3029–3009
483–494
810–790

GAATCACATCGAGCCACTGAAA
GTGTTACTCAGCTCCCTCAGA
TCCTCCAGGTATGCAGTGCCA
GTTATGGTGGGCAGGTGGGTT
CAACAGCCTCAAGATCATCAGC
TTCTAGACGGCAGGTCAGGTC

Product
size (bp)
579
514
328

GAPDH ratio in seven xenografts). DPD mRNA was measurable in all but two human tumor xenografts (Co-4 and H-111)
and varied over a 13-fold range (0.07 6 0.02– 0.93 6 0.17
DPD:GAPDH ratio in five xenografts). Values represented the
mean and SDs of results from three tumors, each weighing
;200 –300 mg.
Correlation between DPD/TS Activity and Their
mRNA Levels. As shown in Fig. 1A, there was a statistically
significant correlation between DPD activity and DPD mRNA
level, with a coefficient of correlation of 0.81. A positive correlation was also noted between TS activity and TS mRNA level
(Fig. 1B) with a coefficient of correlation of 0.62.
Correlation between DPD Levels and the Sensitivity to
5-FU. A correlation between DPD activity and xenograft sensitivity to 5-FU is shown in Fig. 2A. Tumor DPD activity
significantly correlated with tumor sensitivity to 5-FU with a
coefficient of correlation of 0.94, which was statistically significant at P 5 0.0017. High DPD activity resulted in low sensitivity to 5-FU, whereas low DPD activity was associated with
high sensitivity to 5-FU. This tendency was also observed
between tumor DPD mRNA level and sensitivity to 5-FU, with
a coefficient of correlation of 0.79 (Fig. 2B), which was also
statistically significant (P 5 0.03). High DPD mRNA level was
correlated with low sensitivity to 5-FU in the human tumor
xenografts.
Correlation between TS Levels and the Sensitivity to
5-FU. Tumor TS activity and sensitivity to 5-FU are shown in
Fig. 3A. A trend of high TS levels occurring in tumors with low
sensitivity to 5-FU was observed; however, this trend was not
statistically significant. Tumor TS mRNA level also did not
correlate with 5-FU sensitivity, as shown in Fig. 3B.

DISCUSSION
Here, we demonstrated a correlation between DPD activity
and DPD mRNA level with sensitivity to 5-FU in seven human
tumor xenografts, with high DPD activity and high DPD mRNA
level occurring in tumors with low sensitivity to 5-FU. Several
studies using human tumor cell lines (10) and clinical samples
(11) have also reported that 5-FU catabolism in tumor cells is a
probable determining factor in 5-FU responsiveness. Diasio et
al. (38) measured DPD expression by quantitative PCR assay in
tumor specimens from 32 colorectal cancer patients treated with
5-FU and reported that low levels of DPD expression were seen
in all of the 5-FU responders compared with much higher levels
in the 5-FU nonresponders. These findings suggest that 5-FU is
quickly catabolized to 2-fluoro-b-alanine in tumors with high
basal DPD activity and/or high basal DPD mRNA level, result-
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and then the other reagents were added and incubated for 15 min
at 30°C and 60 min at 42°C.
For PCR, cDNA aliquots were diluted in sterile water,
depending on transcript abundance. Three cDNA concentrations
for TS/GAPDH primer or DPD/GAPDH primer combinations
were used. For accurate quantification using this method, measurements must be taken in the linear phase of the reaction, in
which cDNA concentration is directly proportional to signal
intensity. A range of cDNA concentrations was used to determine the linear phase of the PCR. PCR primers, summarized in
the Table 1, were designed according to human TS (33), DPD
(34), and GAPDH (35) cDNA sequences. Comparison to mouse
sequences showed these primers to be specific for human
TS/DPD/GAPDH sequences. Mouse TS and GAPDH cDNA
sequences were obtained from published data (36, 37), and
the mouse DPD cDNA sequence was quoted from Takechi
et al. (32).
PCR was carried out in a final volume of 50 ml containing
cDNA template, TS and GAPDH or DPD and GAPDH primers,
1.25 units of Ex Taq (Takara, Shiga, Japan) in 103 Ex Taq
buffer (Takara), and 0.2 mM dNTPs, using a thermal cycler
(PC-800; Astec, Tokyo, Japan). Ten pmol of each TS primer and
2 pmol of each GAPDH primer were used for the TS PCR, and
40 pmol of each DPD primer and 2 pmol of each GAPDH
primer were used for the DPD PCR. The PCR profile consisted
of an initial 3-min denaturation at 94°C, followed by 30 cycles
of 1 min of denaturation at 94°C, 1 min of annealing at 60°C,
and 2 min of polymerization at 72°C and a final 10-min extension at 72°C.
PCR products were separated by 2% agarose gel electrophoresis. Gels were stained with ethidium bromide, visualized
on a UV transilluminator and photographed on Type 667 films
(Polaroid, Cambridge, MA). Images were scanned with an image scanner (JX-330; Sharp, Mahwah, NJ) and analyzed with
Image Master 1D (Pharmacia Biotech). Relative amounts of TS
mRNA and DPD mRNA were expressed as ratios of TS to
GAPDH RT-PCR products and DPD to GAPDH RT-PCR products, respectively.
Statistical Analysis. Linear regression analysis was performed on Instat for Macintosh Version 2.01.
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Table 2

In vivo chemosensitivity of human tumor xenografts
RWa

Drug
b

5-FU

SC-1-NU

St-4

H-111

Co-4

Col-3-JCK

PAN-3-JCK

MX-1

8.4

87.6

31.3

13.4

98.0

88.6

54.1

a

The sensitivity to 5-FU was expressed as the RW of drug-treated mice compared to control mice.
b
5-FU, 60 mg/kg i.p. q4d33.

Table 3

TS and DPD levels in human tumor xenograftsa

TSb

TS mRNAc

DPDd

DPD
mRNAe

SC-1-NU
St-4
H-111
PAN-3-JCK
MX-1
Co-4
Col-3-JCK

597.8 6 87.9
537.9 6 222.1
313.0 6 43.2
140.0 6 20.2
231.2 6 42.9
84.7 6 10.7
775.5 6 131.5

9.90 6 1.38
6.17 6 0.74
4.97 6 1.42
0.51 6 0.07
6.44 6 0.50
5.60 6 1.62
6.94 6 2.09

4.5 6 0.06
79.7 6 25.1
0.7 6 0.4
62.3 6 21.3
13.2 6 3.95
ND
79.4 6 11.7

0.07 6 0.02
0.32 6 0.05
NDf
0.31 6 0.06
0.17 6 0.04
ND
0.93 6 0.17

Values represent means and SDs of results from three tumors, each weighing ;200 –300 mg.
TS activity, in fmol/mg protein.
c
TS mRNA level, expressed as TS:GAPDH RT-PCR product ratio.
d
DPD activity, in pmol/min/mg protein.
e
DPD mRNA level, expressed as DPD:GAPDH RT-PCR product ratio.
f
ND, not detected.
a
b

Fig. 1 Correlation
between
DPD and TS activity and
mRNA levels. Plots show the
correlations between DPD activity and DPD:GAPDH RTPCR product ratio (A) and TS
activity and TS:GAPDH RTPCR product ratio (B) in seven
human tumor xenografts. DPD
and TS RT-PCR product levels
are expressed as ratios to
GAPDH internal standard.

ing in the suppression of the anabolic pathway of 5-FU phosphorylation.
Etienne et al. (11) measured both TS and DPD activity in
tumor biopsy specimens from 62 head and neck cancer patients
before administration of 5-FU based chemotherapy and reported
that DPD activity was a factor significantly related to 5-FU
responsiveness, but no relationship was demonstrated between
TS activity and response to 5-FU therapy. In contrast, Danenberg and colleagues (8, 9) reported that tumoral expression of
TS mRNA had a statistically significant association with response to protracted infusion of 5-FU based chemotherapy and
survival in patients with gastric and disseminated colorectal
cancer.

However, correlation between tumoral TS levels and 5-FU
antitumor activity was not evident in this study. We have previously reported that, in xenografts with high TS and low DPD
levels, like SC-1-NU, excessive FdUMP suppressed TS completely, and the concentration of 5-FU in RNA increased gradually, resulting in both TS inhibition and RNA dysfunction (39).
The excessive RNA dysfunction in SC-1-NU may be related to
the low correlation between TS levels and sensitivity to 5-FU
observed in this study. However, it should be noted that the
5-FU administered in this study was by bolus injection of the
maximum tolerated dose, which is different to the usual clinical
dose and the protracted infusion protocol in clinical therapy.
Lenz et al. (40) reported that p53 status and response to
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Fig. 3 Correlation
between
TS levels and the sensitivity to
5-FU. Plots show the relationships between TS activity and
sensitivity to 5-FU (A) and TS:
GAPDH RT-PCR product ratio
and sensitivity to 5-FU (B) in
seven human tumor xenografts.
5-FU (60 mg/kg) was administered i.p. in a schedule of
q4d33 and the sensitivity to
5-FU expressed as the RW of
the treated mice compared to
that of control mice (T/C value). Neither TS activity nor
mRNA level correlated with
sensitivity to 5-FU.

5-FU chemotherapy were associated in the patients with disseminated colorectal cancer and that the patients with wild-type
p53 had significantly lower TS levels compared to the patients
with mutated p53. They also reported that p53 and TS expression in primary stage II colon cancer are associated and appear
to influence recurrence and survival (41). However, no reports
were published concerning the correlation between p53 and
DPD. Because only DPD was correlated with the sensitivity to
5-FU in this study, p53 would hardly be significant correlated
with the sensitivity to 5-FU in the xenografts used in this study.
However, the correlation of p53 status and TS/DPD activity
with their mRNA levels should be investigated further in another study.
To discuss the correlation between TS/DPD levels and the
sensitivity to 5-FU, we assumed that the levels of TS and DPD
remain constant throughout the growth of the tumor. This is
particularly troublesome, considering the circadian rhythm reported with regard to DPD activity (42). To avoid this change in
DPD activity due to circadian rhythm, all of the experiments
were conducted at the same time period (2:00 –3:00 p.m.). In our

preliminary experiment, when TS and DPD activity and their
mRNA levels were determined in different growth phases, DPD
activity and mRNA levels were constant through each growth
phase, but TS activity changed in three of seven xenografts (data
not shown). To prevent this variance, we assessed TS and DPD
activity and their mRNA levels in the similarly sized tumors
(200 –300 mg).
This study has shown that there was a statistically significant correlation between DPD activity and DPD mRNA level in
the human tumor xenografts. The semiquantitative RT-PCR
method for determination of DPD mRNA is more convenient
than radioenzymatic assay for DPD activity because RT-PCR
dose not require radioisotopes or relatively large amounts of
tumor tissue. Because even small amounts of samples obtained
from biopsy specimens before chemotherapy are enough for the
assay of DPD mRNA, RT-PCR detection of DPD mRNA may
be useful in designing 5-FU-based chemotherapy for individual
patients. This study suggests that determination of DPD mRNA
level obtained from biopsy specimens before chemotherapy is a
promising predictor for sensitivity to 5-FU. In addition, in
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Fig. 2 Correlation
between
DPD levels and the sensitivity to
5-FU. Plots show the correlations between DPD activity and
sensitivity to 5-FU (A) and
DPD:GAPDH RT-PCR product
ratio and sensitivity to 5-FU (B)
in seven human tumor xenografts. 5-FU (60 mg/kg) was
administered i.p. in a schedule
of q4d33, and the sensitivity to
5-FU expressed as the RW of
the treated mice compared to
that of control mice (T/C value).
DPD activity and mRNA level
significantly correlated with the
sensitivity to 5-FU.
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tumors with high DPD mRNA level, DPD inhibitors, such as
5-etynyluracil (14), uracil (15), and 5-chloro-2,4-dihydroxypyridine (16), may be potential modulators in promoting the antitumor activity of 5-FU.
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