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Abstract Purpose: Expression of thymidylate synthase
(TS) and the 5-fluorouracil (5-FU) metabolic enzymes,
including dihydropyrimidine dehydrogenase (DPD),
orotate phosphoribosyl transferase (OPRT), thymidine
phosphorylase (TP), and uridine phosphorylase (UP),
has been reported to be associated with the sensitivity to
5-FU-based chemotherapy in colorectal cancer. We
evaluated the correlation of the expression of these genes
between primary tumors and corresponding liver
metastases. Method: The mRNA levels of TS, DPD,
OPRT, TP, and UP were measured by real-time quan-
titative RT-PCR in samples from 23 consecutive patients
with both primary colorectal adenocarcinoma and liver
metastasis. Results: The DPD, OPRT, TP, and UP
mRNA levels were significantly higher in liver metasta-
ses than in primary tumor (expression in relation to that
of f-actin mRNA: 0.42 vs 0.16, P=0.00053; 1.4 vs 0.92,
P=0.016; 23 vs 11, P=0.00014; 0.36 vs 0.25, P=0.0026;
respectively). However, the TS mRNA level did not
differ significantly between liver metastases than primary
tumor (0.20 vs 0.16, P=0.28). No correlation was ob-
served for any gene between primary tumor and liver
metastases. In both primary tumor and liver metastasis,
the TS mRNA levels correlated significantly with the
OPRT mRNA level (primary rg=0.83, P=0.00000081;
liver metastasis rs=0.49, P=0.017), while the DPD
mRNA level correlated significantly with the TP mRNA
level rs=0.81, P=0.0000024; rs=0.63, P=0.0014;
respectively). Conclusions: The differential gene expres-
sion of 5-FU metabolic enzymes between primary
colorectal cancer and corresponding liver metastases
should be taken into consideration when estimating the
sensitivity to 5-FU-based chemotherapy in colorectal
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cancer. The gene expression of TS and OPRT, which are
involved in de novo pyrimidine synthesis, and that of
DPD and TP, may be coregulated.
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Introduction

Thymidylate synthase (TS) protein and gene expression
in human colorectal cancers has been investigated as a
predictor of response to chemotherapies based on
S-fluorouracil (5-FU), and as a prognostic marker [1, 2,
5,9, 10, 20, 24, 29]. Previous studies have suggested that
high TS expression in advanced colorectal cancers,
determined by several methods (immunohistochemical
staining, enzyme activity, and reverse transcription
PCR), is followed by non-response to 5-FU and poor
prognosis.

The other 5-FU metabolic enzymes have been also
examined as predictors of sensitivity to 5-FU. Dihy-
dropyrimidine dehydrogenase (DPD) is the first and
rate-limiting enzyme for the catabolism of 5-FU, and
its activity or mRNA level is high in various human
cancers and cell lines with low sensitivity to 5-FU [3,
11, 16, 19, 33]. Ichikawa et al. [17] and Salonga et al.
[33] have reported that patients with both low DPD
and low TS mRNA expression in primary colorectal
cancers respond to 5-FU-based chemotherapy, and
their prognosis is better than patients with both high
DPD and high TS expression. Other studies have
indicated that the expression levels of the first meta-
bolic enzymes of 5-FU, namely orotate phosphoribosyl
transferase (OPRT) [6, 18, 30, 31], thymidine
phosphorylase (TP) [6, 12, 25, 27, 28, 33, 34], and
uridine phosphorylase (UP) [6, 8, 18, 25, 35], might
also correlate with sensitivity to 5-FU. High TP gene
expression has been shown to be followed by low
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Table 1 Primers and probes

Probe

Reverse primer

Forward primer

TS-P2

TS-r3

TS-1

TS

TTCAGCTTCAGCGAGAACCCAGA

DPD-P11

CAGCCCAACCCCTAAAGACTGA

DPD-RI11

GAATCACATCGAGCCACTGAAA

DPD-F11

DPD

TGCCCTCACCAAAACTTTCTCTCTTGATAAGGA

OPRT-1200PF

GTTCCCCGGATGATTCTGG

OPRT-1282R

AATGATTCGAAGAGCTTTTGAAGC

OPRT-1107F

CTCCTTATTGCGGAAATGAGCTCCACC

TP-722P

TGCTCCTCAGCCATTCTAACC

TP-770R

TCCTGGGCAGATCTAGTAAATGC

TP-700F

OPRT

TP

CAGCCAGAGATGTGACAGCCACCGT

UP-743PF

GCTGTGATGAGTGGCAGGCT

UP-792R

CCTGCGGACGGAATCCT

UP-586F

UPpP

TGCTCCAACGTCACTATCATCCGCAT

ACTB-547PF

AGACCTATCCCACCAGAAGTGC

ACTB-811R

TGACTGCCCAGGTAGAGACTATCC

ACTB-517F

p-ActinACTB

CAGCGGAACCGCTCATTGCCAATGG ATGCCCTCCCCCATGCCATCCTGCGT

TCACCCACACTGTGCCCATCTACGA

chemosensitivity to 5-FU in colorectal carcinoma [33].
Chung et al. have reported that OPRT, TP, and UP
gene expression is downregulated in gastric cell
lines with 5-FU resistance [6]. These results indicate
that multiple analysis of the expression of 5-FU met-
abolic genes may predict sensitivity to 5-FU more
precisely.

However, the relationship between the expression of
these genes in primary cancers and their expression at
metastatic sites has not been adequately evaluated. We
have previously shown that TS gene expression is lower,
and DPD gene expression is higher, in liver metastases
than in primary colorectal cancers [36, 39]. As high
expression of TS, DPD and TP protein or mRNA has
been reported to be associated with low sensitivity to
5-FU [2, 17, 20, 24, 33], the prediction of 5-FU
chemosensitivity by analysis of expression in the pri-
mary tumor may be inaccurate in patients whose TS,
DPD and TP gene expression is markedly higher or
lower in their liver metastases than in the primary
tumor.

In the present study, the expression of TS, DPD,
OPRT, TP, and UP genes in primary colorectal cancer
was compared with that in the corresponding liver
metastases by real-time quantitative RT-PCR.

Materials and methods

Patients and samples

We analyzed pairs of primary colorectal adenocarcinomas and
corresponding liver metastatic tumors from 23 patients (13 males
and 10 females, average age 62.2 years) who had undergone
surgical resection of primary colorectal cancer between October
1997 and October 2001 at the Department of Digestive Surgery,
Tokyo Medical and Dental University, Tokyo, Japan. This study
was approved by the Institutional Review Board of the Tokyo
Medical and Dental University, and written consent was obtained
from all patients. Of the liver metastasis samples, 12 were obtained
by surgical resection, and 11 by intraoperative core-needle biopsy
at the time of resection of the primary tumor. Seven were meta-
chronous metastases and two of the patients had received 5’-deoxy-
S-fluorouridine orally as adjuvant therapy after the primary
resection. One of these two patients discontinued adjuvant therapy
after only 4 weeks, while the other completed a 1-year course of
adjuvant therapy. Resection of the liver metastases in this patient
was performed at least 6 months after completion of the adjuvant
therapy regimen.

Immediately following surgery, each tissue sample was frozen in
liquid nitrogen and stored at —80°C until preparation of RNA
extracts. A gastrointestinal pathologist evaluated the remaining
specimens. No contamination of the normal colonic mucosa or
liver tissue in the tumor samples was histologically identified.

Total RNA extraction and cDNA synthesis

Our procedure has previously been described in detail [36, 38, 39].
In brief, total RNA was extracted using an RNeasy Minikit
(Qiagen, Chatsworth, Calif.). The amount of total RNA was
estimated by measuring absorbance, the quality was determined
by electrophoresis through agarose gel in the presence of
formaldehyde, and the rRNA bands were visualized. Then up to
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10 pg of the prepared RNA was reverse-transcribed to synthesize
cDNA using the oligo(dT) primer, Superscript II (Life Technolo-
gies, Gaithersburg, Md.), as previously described.

Real-time quantitative RT-PCR assay

The mRNA levels of TS, DPD, OPRT, TP, and UP were evaluated
by real-time quantitative RT-PCR [15, 29, 30] (TagMan PCR)
using an ABI Prism 7700 sequence detector (Perkin-Elmer Applied
Biosystems, Foster City, Calif.). The f-actin gene was used as the
endogenous control gene. Primers and TaqMan probes for each
gene were designed based on the nucleotide sequence of human TS,
DPD, OPRT, TP, UP and f-actin (Table 1). The PCR mixture
contained 10 pl of each appropriately diluted cDNA sample
(standard curve points and patient samples), 200 nM forward
primer, 200 nM reverse primer, 100 nM TaqMan probe, and
12.5 pl TagMan Universal PCR Master Mix (Perkin-Elmer Ap-
plied Biosystems), in a final volume of 25 ul. The PCR profile
consisted of one incubation at 50°C for 2 min, one incubation at

95°C for 10 min, and 45 cycles of amplification for 15 s at 95°C,
and 1 min at 60°C.

The amount of PCR product was determined using a standard
curve of cDNA synthesized from human tumor xenograft. Each
PCR run included the seven points of the standard curve (fourfold
serially diluted cDNA with 100 ng/ul) and negative controls. The
range of the standards was 64 to 0.00391 ng/10 pl. All samples
were run in duplicate PCR experiments. The mean was then used; a
few samples with more than a twofold difference in the amount of
PCR product were retested. Some samples out of the range of the
respective points on the standard curve were also retested using
altered cDNA concentrations.

The relative amount of each gene’s mRNA was expressed as the
ratio of each mRNA to that of f-actin.

Statistical analysis

The mRNA levels and clinicopathological factors were compared
using the Mann-Whitney U-test. The mRNA levels of the primary
colorectal cancers and those of the liver metastases were compared
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using the Wilcoxon signed-ranks test. The relationship between
each gene’s mRNA level in the primary cancer and that in the liver
metastases, and the relationships among the mRNA levels in pri-
mary cancers or liver metastases were assessed using Spearman’s
rank correlation. Statistical significance was established at the
P <0.05 level for each analysis.

Results

Messenger RNA levels of the 5-FU metabolic enzymes
were assessed in 23 pairs of primary colorectal cancers
and corresponding liver metastases. The difference in the
quantities between duplicate PCR products was less
than 10%. No significant differences in mRNA levels
were observed for any clinicopathological features such
as gender, age, location of primary tumor, number of
liver metastases and method of obtaining samples from
liver metastases. Synchronous and metachronous liver
metastasis showed the same levels of gene expressions
(median values: TS 0.20 vs 0.22, P=0.69; DPD 0.57 vs
0.42, P=0.64; OPRT 1.6 vs 1.4, P=0.64; TP 26 vs 21,
P=0.42; UP 0.44 vs 0.32, P=0.74).

DPD, OPRT, TP and UP mRNA Ilevels in the liver
metastases were significantly higher than those in the
corresponding primary tumors (DPD 042 vs 0.16,
P=0.00053; OPRT 1.4 vs 0.92, P=0.016; TP 23 vs 11,
P=0.00014; UP 0.36 vs 0.25, P=0.026; Fig. 1). The TS
mRNA level did not significantly differ between the liver
metastases and the primary tumors (0.20 vs 0.16,
P=0.28). No significant correlation between the mRNA
levels of the primary tumors and those of their corre-
sponding liver metastases was noted for any of the genes
(TS P=0.48, DPD P=0.94, OPRT P=0.19, TP
P=0.81, UP P=0.90). There was a significant correla-
tion between the OPRT and TS mRNA levels both in
the primary tumors (rg=0.83, P=0.00000081; Fig. 2a)
and in the liver metastases (rs=0.49, P=0.017; Fig. 2b).
A similar relationship was noted between DPD and TP
mRNA levels in both primary tumors (rs=0.81,
P=0.0000024; Fig. 3a) and liver metastases (rg=0.63,
P=0.0014; Fig. 3b). Other correlations among the genes
were not found.

Discussion

We demonstrated that DPD, OPRT, TP, and UP
mRNA levels in liver metastases were significantly
higher than in their corresponding primary colorectal
cancers, although no correlation was observed between
primary tumors and liver metastases. Previously, we
have shown that DPD gene expression in colorectal
cancers 1s associated with tumor progression, and
that higher DPD gene expression is present in liver
metastases than in primary tumors [36]. Johnston et al.
have suggested that suppression of translation of DPD
mRNA is removed in tumor tissue, and proposed a
general mechanism by which pyrimidine nucleotide
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Fig. 2a, b TS and OPRT mRNA levels are significantly correlated
in both primary colorectal cancers (a rs=0.83, P=0.00000081) and
liver metastases (b rs=0.49, P=0.0017)

biosynthesis and degradation are coregulated to main-
tain a growth advantage in the tumor [21]. Takebayashi
et al. have reported that TP, which catalyses the
reversible phosphorolysis of thymidine and its analogues
to their respective bases 2-deoxyribose-1-phosphate, is
associated with tumor progression [37]. Previous inves-
tigators have shown that the expression of the initial
5-FU-anabolizing enzymes (OPRT, UP, TP, etc.) is
higher in various human cancers than in normal tissues
[7, 22, 26, 32], and suggested that the increase in the
expression of these enzymes may be an advantage via
increased pyrimidine nucleotide biosynthesis for cell
proliferation in cancer. The gene expression of thymi-
dine kinase (TK), one of the enzymes involved in salvage
DNA synthesis, correlates with malignant potential in
ovarian tumors, as well as with TP gene expression [13].

In the present study, a linear relationship between TS
and OPRT mRNA Ilevels was observed in both primary
colorectal cancers and liver metastases. Kasahara et al.
have reported that TS gene expression correlates closely
with E2F1 expression, and speculated that one mecha-
nism by which tumor cells increase TS expression may
be overexpression of E2F1, which induces S-phase-
acting proteins such as TS [23]. Fujiwaki et al. have
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Fig. 3a,b DPD and TP mRNA levels are significantly correlated in
both primary colorectal cancers (a r¢=0.81, P=0.0000024) and
liver metastases (b rg=0.63, P=0.014)

demonstrated a linear relationship in gene expression
levels between TK1 and TS in ovarian cancer, suggesting
that enzymes for DNA biosynthesis may be controlled
by several similar mechanisms [13]. TS and OPRT,
which are involved in de novo pyrimidine nucleotide
biosynthesis, may be coregulated in cancer cell prolif-
eration. DPD and TP gene expression were also posi-
tively correlated in both primary cancers and liver
metastases. Collie-Duguid et al. suggested that the
expression of DPD and TP protein is coregulated [7].

We measured gene expression using the TagMan
RT-PCR assay. This method is a more precise and
reproducible semiquantitation of gene expression than
conventional RT-PCR assays using agarose gel, because
it is based on threshold values in the exponential phase
of the PCR rather than end-point measurement of the
amount of PCR product [4]. In addition, this PCR assay
is suitable for smaller samples such as biopsy specimens
and can measure a larger number of enzymes in a
shorter time than other methods, including enzymatic
activity or protein assays [24].

Increased OPRT gene expression in liver metastases
may be associated with increased sensitivity to 5-FU,
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because OPRT is a 5-FU-anabolizing enzyme and is
considered the main pathway of 5-FU initial phos-
phorylation in human cancers [14]. On the other
hand, increased TS, DPD, and TP may be associated
with decreased sensitivity to 5-FU. In patients with
extremely low expression of OPRT mRNA or high
levels of TS, DPD, or TP gene expression in liver
metastasis, it may be difficult to predict 5-FU sensi-
tivity of the metastasis via analysis of the gene
expression of the primary site.

The present study showed that the expression of
5-FU metabolic genes in liver metastases does not cor-
relate with that in the corresponding primary tumor.
The difference in the expression of 5-FU metabolic genes
between the primary site and liver metastases should be
taken into consideration when predicting the sensitivity
to 5-FU-based chemotherapy of colorectal cancer.
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