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Chapter 1

COLORECTAL CANCER
Epidemiology
Gastrointestinal cancers are among the most common cancers among men
and women, and therefore are a major health concern in developed countries.
Colorectal cancer (CRC) is the major gastrointestinal malignancy and second leading
cause of all cancer-related deaths in the Western world [1],[2],[3]. The incidence
rates of CRC are in general higher in Western countries than Asian countries [3],
although these rates are increasing in e.g. Japan [4], and lowest rates are seen in
India [3]. In contrast, gastric cancer is more abundant in Japan than in European
countries. It is estimated that over 394,000 persons die worldwide from CRC each
year. In the United States approximately 105,000 new cases are diagnosed and
55,000 deaths from CRC will occur every year [5]. In the Netherlands approximately
9,900 new cases and 4,400 people die of CRC each year [6],[7],[8]. The incidence
for CRC before the age of 40 years is less than 3% and the frequency is about equal
for both men and women. About 75% of CRC patients have sporadic disease, with no
apparent evidence of having a hereditary disorder, and the remaining 25% of CRC
patients have a familial history of CRC, where about 5% of these is due to genetic
mutations as cause of inherited cancer risk.
Aetiology
Colon cancer is causally related to environmental changes. Epidemiologic,
animal experimental and clinical investigations have shown that diets with high
content of fats (high body mass), proteins, calories, alcohol, ormeat (amine
carcinogens) and low calcium and/or folate containing diets are associated with an
increased incidence of CRC [9],[10]. Although many case-control studies suggest that
intake of vegetables protects against CRC, there is also evidence that the intake of
fibers, fruits, vegetables and cereal fiber supplementation does not reduce the rate of
adenoma recurrence over a 3 to 4-year period. Cigarette smoking is also associated
with an increased tendency to form adenomas and develop CRC [11], whereas use of
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nonsteroidal anti-inflammatory drugs (NSAIDS), such as sulindac and aspirin, may
prevent adenoma formation or regress adenomatous polyps in individuals with prior
CRC or adenomatous polyps [12].
Besides environment-related risk factors, CRC is also causally related to
genetic factors. CRC occurs frequently in certain families, and rare genetic syndromes
such as familial adenomatous polyposis (FAP) [13],[14] and hereditary non-polyposis
CRC (HNPCC) [15],[14]. FAP is caused by an inherited mutation in the adenomatous
polyposis coli (APC) gene, which is associated with a high lifetime risk for developing
CRC [16]. Individuals with this condition have colorectal polyps, numbered from a
few to hundreds of polyps, which all have the potential to become malignant. HNPCC
is a different hereditary cancer syndrome than FAP, where individuals only develop a
few colonic polyps, which have high potential to become malignant. HNPCC
predisposing mutations often include mutations of the DNA mismatch repair (MMR)
genes MLH1 and MSH2 [17]. Individuals with FAP or HNPCC also have an increased
risk for other types of cancer.
The transformation from normal epithelium to colorectal cancer cells is
associated with major deleterious molecular alterations [18],[19],[20]. In this tumor
progression model two major pathways exist in which molecular events can lead to
CRC. The vast majority (85%) is due to partional chromosome loss events resulting
in chromosomal instability (CIN) [21] and the remaining due to molecular events that
result in microsatellite instability (MSI) [22]. Loss of the APC gene is one of the early
events in CRC tumor progression, resulting in failure of cell adhesion and migration
and stimulation of proliferation [23]. Other genetic alterations include loss of DCC,
MADH2, P53 genes and mutation of the K-ras oncogene [19]. Predisposing colorectal
epithelial cells to mutations is also characterized by loss of DNA damage repair
resulting in MSI, either by acquired or inherited mutations or hypermethylation of
MMR genes [24]. The order of acquired mutations is not necessarily consistent in a
tumor, and the type of mutation may influence the tumors' growth rate and
pathologic change [25]. CRC tumor progression is accompanied by characteristic
phenotypic changes such as increased mucin production.
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Pathology & Prognosis
In order to detect CRC at an earlier stage and decrease its mortality rates,
screening may be effective and prevent formation of CRC or recurrent disease, either
by identification or monitoring high-risk groups or treated patients. Screening for CRC
is usually performed by fecal occult blood testing (FOBT) using (non)rehydrated stool
specimens from people aged 50 to 80 years, where colonoscopy is often used to
further investigate a positive test. Colonoscopy reduces the risk of developing CRC by
e.g. removing adenomatous polyps. In addition, regular screening by sigmoidoscopy
in persons older than 50 years may also decrease CRC mortality. Periodic evaluations
following CRC treatment (follow-up) may lead to early identification of recurrent
disease [26],[27]. However, the impact of such monitoring on the overall mortality of
patients with recurrent CRC is limited, and an efficacious standard, postoperative
monitoring program has not been documented so far [28].
The prognosis of CRC patients is related to three characteristics: 1) degree of
penetration of the tumor through the bowel wall; 2) the presence or absence of
lymph node involvement; 3) the presence or absence of distant metastases. All
staging systems developed for CRC are based on these conditions. Bowel obstruction
and/or perforation indicate poor prognosis [29]. The number of lymph nodes
examined properly in colorectal surgery may be associated with patient outcome
[30],[31]. Many other prognostic markers have been evaluated in retrospective
studies including CRC patients, however, most have not been prospectively validated,
whereas Filella et al. [32] showed that elevated serum levels of carcinoembryonic
antigen (CEA) before treatment may indicate a negative prognosis.
Colorectal

tumors

are

predominantly

epithelial-derived,

such

as

adenocarcinomas. Pathological classification is divided into nonneoplastic polyps,
neoplastic polyps (including adenomas) and cancers. The vast majority of colorectal
tumors are adenocarcinomas, which are mostly moderately differentiated and secrete
(small) amounts of mucin. Signet-ring adenocarcinomas produce significant amount
of mucin and are associated with poor prognosis. Other colon cancers include
scirrhous and neuroendocrine tumors, with the latter giving worser prognosis than
adenocarcinomas [33].
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Besides the preferences of the physician and patient, treatment decisions
should depend on the stage of the disease rather than the age of the patient.
Current staging of CRC is according to the above mentioned three characteristics
[34], with referrence to the TNM classification, which is designated by the American
Joint Committee on Cancer (AJCC) [35]. Treatment (and prognosis) decisions should
be made according to the TNM classification (Table 1), as compared to the older
Dukes' and MAC staging systems.
Table 1. Pathologic staging of colorectal cancer according to the TNM classification
system.

TNM definitions

AJCC stage groupings

Primary tumor (T):

Stage 0

Tis, N0, M0

TX: Primary tumor cannot be assessed
T0: No evidence of primary tumor
Tis: Carcinoma in situ: intraepithelial or invasion of the lamina propria
T1: Tumor invades submucosa
T2: Tumor invades muscularis propria
T3: Tumor invades through the muscularis propria into the subserosa
or into nonperitonealized pericolic or perirectal tissues
T4: Tumor directly invades other organs or structures
and/or perforates visceral peritoneum

Stage I

T1, N0, M0
T2, N0, M0

Regional lymph nodes (N):
NX: Regional nodes cannot be assessed
N0: No regional lymph node metastasis
N1: Metastasis in 1 to 3 regional lymph nodes
N2: Metastasis in 4 or more regional lymph nodes

Stage IIA T3, N0, M0
Stage IIB T4, N0, M0
Stage IIIA T1, N1, M0
T2, N1, M0
Stage IIIB T3, N1, M0
T4, N1, M0
Stage IIIC Any T, N2, M0
Stage IV

Any T, Any N, M1

Distant metastasis (M):
MX: Distant metastasis cannot be assessed
M0: No distant metastasis
M1: Distant metastasis

References: [34],[35].

Chemotherapeutic treatment options for colorectal cancer

Adjuvant chemotherapy for colorectal cancer
Standard treatment for CRC patients has been (wide) surgical resection and
anastomosis. Surgery is possible in the majority (about 75%) of patients with
primary CRC. After complete resection of the primary tumor, recurrence (about 50%)
is decreased by adjuvant cytotoxic chemotherapy. Chemotherapeutic regimens in
15
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CRC predominantly consist of drug combinations (Table 2). The potential value of
adjuvant therapy for patients with stage II colon cancer remains controversial with
respect to overall improved survival compared to surgery alone. Adjuvant
chemotherapy consists of 5-fluorouracil (5FU)-based regimens [36], and stage II or
III patients should also be considered for entry into controlled clinical trials
evaluating the use of chemotherapy or/and biologic therapy [37]. Adjuvant
chemotherapy for stage III patients usually consists of 5FU combined with leucovorin
(folinic acid) over a treatment period of 6 months [38],[39] or combination of
oxaliplatin and irinotecan. Adjuvant radiation therapy has no standard role in colon
cancer

patients

following

curative

resection

[40].

However,

neo-adjuvant

radiotherapy (with or without chemotherapy) is considered standard treatment in
rectal cancer [41],[42].
Adjuvant chemotherapy may be curative in stage II-IV disease [43], but about
one-third of the treated patients will die of developing metastatic disease. A large
portion of patients with CRC have microscopic metastatic disease at diagnosis, and
about 50% of patients with apparent early stage disease will eventually develop
metastases [43],[44]. Treatment of patients with recurrent or advanced (stage IV)
colon cancer depends on the location of the disease. The standard initial treatment
for non-metastatic CRC is surgical excision of the primary tumor and the regional
lymph nodes, and for patients with metastatic CRC, systemic chemotherapy is
effective to prolong survival and time to disease progression [45]. For patients with
limited liver- or lung-metastases surgical resection may be curative treatment.

Systemic treatment of metastatic colorectal cancer
For many decades the only first-line chemotherapeutic treatment for
metastatic CRC was 5FU, from the 1980s combined with leucovorin (LV; folinic acid)
[46]. Combined therapy of 5FU with LV increased the response rate about 2-fold
(and time to progression), but failed to significantly improve the overall survival
[47],[36],[48]. Survival did not increase with the use of the oral 5FU prodrug
capecitabine (Xeloda®; Roche Pharmaceuticals Inc.) [49],[50], which was developed
to decrease systemic toxicity and to enhance 5FU activation at the tumor site [51],
and which has a more acceptable side-effect profile compared to doxifluridine
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(5'DFUR) itself, which is an intermediate in the conversion of capecitabine to 5FU
[51]. 5FU prodrugs were originally developed to improve drug efficacy and decrease
toxicity (e.g. myelotoxicity, stomatitis, nausea, alopecia) [51],[52]. Besides
capecitabine, other formulations were developed using the prodrug ftorafur (FT;
tegafur; futraful), such as UFT (FT plus uracil) and S-1 (or TS-1; FT plus
chlorodihydroxypyridine plus potassium oxonate) [53],[54]. UFT has been approved
in most developed countries (except USA) for advanced CRC. S-1 was approved in
Japan in 1999 for advanced and recurrent gastric cancer [55], but has subsequently
been approved for various other malignancies in Eastern-Asia, including CRC
[56],[57],[55]. Several other oral fluoropyrimidines have been investigated clinically,
e.g. BOF-A2 (emitefur) [58],[59], but were not developed further.
Table 2.
Approved 5FU-containing combination regimens for the treatment of
colorectal cancer.
Adjuvant chemotherapy treatment
- NCCTG regimen (5FU + low-dose LV):
Bolus 5FU (450 mg/m2) plus LV (20 mg/m2) daily for 5 days every 28 days.
- NS ABP regim en (5FU + high-dose LV):
Bolus 5FU (500 mg/m2) plus LV (500 mg/m2) weekly for 6 c onsecut ive weeks every 8 weeks.
- Capecitabine (Xeloda):
Usually given (in tablet-form) twice (1,250 mg/m2) a day for 14 out of every 21 days.

First-line chemotherapy tr eatment *
- F OLFOX4 regimen (OHP + 5FU/LV):
OHP (85 mg/m2) as a 2-hour infusion day 1; LV (200 mg/m2) as a 2-hour infusion days 1 and 2; followed by 5FU (400 mg/m2)
IV bolus, then 5FU (600 mg/m2) via ambulatory pump over 22 hours day s 1 and 2 every 2 weeks.
- F OLFOX6 regimen (OHP + 5FU/LV):
OHP (85-100 mg/m2) plus LV (400 mg/m2) as a 2-hour infusion day 1; followed by 5FU (400 mg/m 2) IV bolus on day 1,
t hen 5FU (2, 400-3, 000 mg/m2) via ambulatory pump over 46 hours every 2 weeks.
- F OLFIRI regimen (CPT-11 + 5FU/LV):
CP T-11 (180 mg/m2) plus LV (400 mg/m2) as a 2-hour infusion day 1; followed by 5FU (400 mg/m 2) IV bolus on day 1,
t hen 5FU (2, 400-3, 000 mg/m2) via ambulatory pump over 46 hours every 2 weeks.
- AIO regimen (CPT-11 + 5FU/LV):
CP T-11 (100 mg/m2) plus LV (500 mg/m2) as a 2-hour infus ion day 1; followed by 5FU (2,000 mg/m2) IV bolus via
ambulatory pump over 24 hours weekly x 4 every 2 weeks.
- IFL (Saltz ) regimen (CPT-11 + 5FU/LV):
CP T-11 (125 mg/m2), 5FU (500 mg/m2) IV bolus and LV (20 mg/m2) IV bolus weekly for 4 out of 6 weeks.

5FU = 5-fluorouracil ; LV = leucovorin; IV = intravenous; OHP = oxaliplatin; CPT-11 = irinotecan.
* Oral 5FU derivatives such as Xeloda (capecitabine) or UFT/LV may also be used in the
chemotherapeutic treatment of stage III CRC. Data partly adapted from the US National Cancer
Institute (http://www.cancer.gov).
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The

topoisomerase-I

inhibitor

irinotecan

(CPT-11;

Camptosar®;

Pfizer

Pharmaceuticals Inc.) [60] is now approved for first-line CRC chemotherapy
treatment. It improved the survival rates and time to progression when combined
with 5FU/LV compared to 5FU/LV alone, e.g. bolus IFL or infusional FOLFIRI
regimens (see Table 2) [61],[62],[63]. The third-generation platinum compound
oxaliplatin (OHP; Eloxatin®; Sanofi-Synthelabo Inc.) [64],[65],[66] has similar
response and overall survival rates and time to progression when combined with
5FU/LV (FOLFOX4 regimen) compared to the CPT-11-based regimens [67],[68].
Adding OHP to 5FU/LV further improved the prognosis. Oxaliplatin has been
evaluated in combination with capecitabine (XELOX) [69] and is well tolerated with
similar efficacy to FOLFOX. Second-line CRC chemotherapy depends on the first-line
regimens already received by the patient; e.g. patients first treated with a FOLFOX
regimen will subsequently receive irinotecan-based chemotherapy.
There is still need for development of novel treatment options. For that
purpose folate-based thymidylate synthase (TS) inhibitors have been developed,
such as nolatrexed (AG337, Thymitaq®), raltitrexed (Tomudex®; AstraZeneca
Pharmaceuticals Inc.), pemetrexed (Alimta®; Eli Lilly and Co.) or Plevitrexed (BGC
9331), which are either approved or still undergoing clinical trials [70],[71],[72],[73].
Other agents that undergo intensive testing are cyclooxygenase-2 (COX-2) inhibitors,
such as the nonsteroidal anti-inflammatory celecoxib [74], or farnesyltransferase
inhibitors (FTIs), e.g. R115777 (Zarnestra) [75].
In 2004 the monoclonal antibodies cetuximab (IMC-C225; Erbitux®; ImClone
Systems Inc.) and bevacizumab (Avastin®; Genentech Inc.) were approved as
biological agents for CRC treatment [76]. Cetuximab is directed against the human
epidermal growth factor receptor (EGFR/HER-1), and is active in combination with
irinotecan after resistance to prior irinotecan-containing regimens [77],[78]. Other
EGFR inhibitors currently under investigation for CRC regimens are the smallmolecule inhibitors of the tyrosine kinase domain of EGFR [79] gefitinib (ZD1839;
Iressa®; AstraZeneca Pharmaceuticals Inc.) [80] and erlotinib (OSI-774; Tarceva®;
OSI Pharmaceuticals, Inc.) [81]. EGFR is overexpressed in more than 75% of CRC
patients [82],[83],[84]. The monoclonal antibody bevacizumab specifically binds to
vascular endothelial growth factor (VEGF), thereby blocking VEGF signaling in
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endothelial cells, and is the first anti-angiogenic drug approved for first-line use in
combination with 5FU-based regimens (e.g. IFL) [85],[86]. Survival of IFL was
significantly improved in first-line CRC therapy when it was combined with
bevacizumab [87].

AIMS & OUTLINE OF THESIS
The aim of the research described in this thesis was to determine the
mechanisms of action of the novel oral anti-cancer drug formulation TAS-102, which
consists of the pyrimidine analog trifluorothymidine (TFT) and TPI, a potent inhibitor
of thymidine phosphorylase (TP). TP is often overexpressed in colorectal tumors
compared to normal healthy tissue, and several studies showed that TP is an
independent prognostic factor for poor clinical outcome of colorectal cancer, e.g. it
stimulates the development of metastases. For that purpose we focused on the role
of the TFT activating enzymes, the role of TFT degradation and its effects on the
various targets. The metabolic pathways and chemical structures of TFT, 5FU and
other fluoropyrimidines described in this thesis are depicted in Figures 1 and 2,
respectively. In the general introduction (Chapter 1) an overview of the incidence,
mortality,

aetiology

and

pathology

of

colorectal

cancer,

and

the

current

chemotherapeutic treatment options for colorectal cancer patients are given. Most
studies described in this thesis were performed using colon cancer cell lines.
Chapter

2

reviews

the

available

information

on

(clinical)

pharmacology,

pharmacodynamic and pharmacokinetic properties and early clinical trials of TAS-102,
and discusses the potential of TAS-102 in future clinical drug combination studies
against gastrointestinal malignancies.
The rapid degradation of TFT by TP in vivo was one of the reasons to
discontinue initial clinical studies in the 1970's with TFT as a single antitumor agent.
TAS-102 was specifically developed to overcome this problem by inclusion of the
specific TP inhibitor TPI. TP was also identified as platelet-derived endothelial cell
growth factor (PD-ECGF), which has pro-angiogenic properties. Therefore, TPI has a
dual role in the drug combination: it enhances the bioavailability of TFT in vivo and
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has anti-angiogenic properties, thereby increasing the antitumor activity of TFT. The
investigations of the limiting factors in the in vitro cytotoxicity of TFT with or without
TPI to cancer cells are described in Chapters 3 and 4, thereby focusing on the
metabolizing and target enzymes involved in TFT metabolism. Next to the role of PDECGF/TP, the dependence of TFT on thymidine kinase (TK) activity in relation to
inhibition of its target enzyme thymidylate synthase (TS) was investigated. Cancer
cell lines with either an overexpression or deficiency of one of these enzymes were
used in these studies.
TPI

5’DFUR
BAU

UP TP

TPI
dUMP

TFT

TS

FUR
UK

UP

5FU
DPD

TP

FdUrd

TK

NMK

FDHU

FUMP

NMK

TP = thymidine phosphorylase
UP = uridine phosphorylase
UK = uridine kinase
DPD = dihydropyrimidine dehydrogenase
OPRT = orotate phosphoribosyltransferase
TK = thymidine kinase
RR = ribonucleotide reductase
NMK = nucleoside monophosphate kinases
NDK = nucleoside diphosphate kinases
TS = thymidylate synthase

FUDP

RR

FdUDP

TF-TMP
dTMP

RNA

NMK

TF-TDP

dTDP
NDK

NDK

FUTP

TF-Thymine

TK

FdUMP

OPRT

TP

FdUTP

dTTP

TF-TTP

DNA

Figure 1.
Schematic overview of the possible metabolic pathways for 5’DFUR and
TFT. Abbreviations drugs/metabolites: 5’DFUR = 5-fluoro-5’-deoxyuridine, 5FU = 5-fluorouracil, TPI =
thymidine phosphorylase inhibitor, BAU = 5-benzylacyclouridine, FUR = 5-fluorouridine, FDHU = 5fluoro-dihydrouracil, FUMP(DP)(TP) = 5-fluorouridine-5’-mono(di)(tri)phosphate, FdUrd = 5-fluoro-2’deoxyuridine, FdUMP(DP)(TP)= 5-fluoro-2’-deoxyuridine-5’-mono(di)(tri)phosphate, dUMP = 2’deoxyuridine-5’-monophosphate, dTMP(DP)(TP) = 2’-deoxythymidine-5’-mono(di)(tri)phosphate,
TFT = 5-trifluoro-2'-deoxythymidine, TF-TMP(DP)(TP) = 5-trifluoro-2'-deoxythymidine-5’-mono(di)(tri)
phosphate, TF-Thymine = 5-trifluorothymine.

PD-ECGF/TP activates 5'DFUR into 5FU, which is the final conversion step of
capecitabine (Xeloda), but PD-ECGF/TP may inactivate TFT. Chapter 5 describes the

in vivo role of PD-ECGF/TP in the cytotoxicity and pharmacodynamics of TAS-102 in
colon cancer cells. The antitumor efficacy of TAS-102, 5'DFUR and capecitabine
against low and high PD-ECGF/TP expressing colon cancer cells in the presence and
absence of systemic TPI was compared and evaluated using the Hollow Fiber Assay
20
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(HFA). The HFA is mostly used as an in vivo model for anti-cancer drug screening,
but additionally, it is also a potentially excellent model for short-term in vivo
pharmacodynamic studies.
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Figure 2.
Chemical structures of the (fluorinated) pyrimidine bases thymine, TFthymine, uracil and 5FU, thymidine phosphorylase inhibitor (TPI), and the (fluorinated)
deoxynucleosides thymidine, TFT, FdUrd, capecitabine and 5’DFUR.

Next to the role of PD-ECGF/TP in the metabolism of fluorinated 2'deoxypyrimidine nucleosides in (cancer) cells, other pyrimidine phosphorylases may
also contribute to the phosphorolysis of these compounds. One of these is uridine
phosphorylase (UP), which is specific for the conversion of uridine into its base uracil
and ribose-1-phosphate (R-1-P), but also accepts 2'-deoxypyrimidine nucleosides to a
certain extent in higher developed organisms. UP is known to produce 5-fluorouridine
(FUR) from 5FU and R-1-P. Because of their overlapping substrate specificity, there
remains controversy on the contribution of both PD-ECGF/TP and UP in the activation
pathway of 5’DFUR. Therefore the relative contribution of TP and UP in the
metabolism of thymidine and uridine and in the activation of 5'DFUR and 5FU in
colon cancer cells was investigated (Chapter 6). To modulate the enzyme activities
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TPI and the potent and specific UP inhibitor benzylacyclouridine (BAU) were used. To
determine the contribution of the white blood cell compartment to their metabolism,
the activity and substrate specificity of PD-ECGF/TP and UP in peripheral blood
mononuclear cells (PBMC) was also investigated (Chapter 7).
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Figure 3.
Chemical structures of methylene-tetrahydrofolate (CH2-THF; co-substrate
TS reaction), the folate-based TS inhibitors AG337, ZD1694, ALIMTA and GW1843, and
the DNA synthesis inhibitors oxaliplatin (OHP) and CPT-11 (SN38 prodrug).

The studies described in this thesis, together with previously published results,
will also form the basis for performing rationally selected combinations with TAS-102.
Since TFT is incorporated into the DNA, leading to DNA damage, the fluoropyrimidine
may enhance the efficacy of other (in)direct DNA interacting antitumor agents.
Chapter 8 describes the in vitro interaction between TFT and several antifolates,
which are direct TS inhibitors. TS inhibition leads to depletion of thymidine
nucleotides in cells, which subsequently causes uracil misincorporation into the DNA,
which together with TFT incorporation eventually lead to DNA strand breaks.
Chapters 9 and 10 focus on in vitro combination studies with colon cancer cell lines
using several treatment schedules of TFT with the DNA synthesis inhibitors oxaliplatin
and irinotecan, respectively. The chemical structures of the drugs used in the
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combination studies are depicted in Figure 3. These studies were performed to give
sufficient preclinical support for initiating future clinical combination studies with TAS102.
Drug resistance to 5FU is a major complication in cancer chemotherapy. Most
chemotherapeutic regimens in the treatment of colorectal cancer are 5FU-based, and
therefore it is important to develop alternative strategies to overcome this problem.
5FU-resistance is multifactorial, e.g. decreased activation or increased TS levels at
the tumor site are often observed. Previous in vivo studies have demonstrated that
TAS-102 can exhibit antitumor activity against 5FU-resistant tumors of different
tissue origin. Tumor cells with increased TS levels may also confer cross-resistance to
TFT in vitro (Chapter 3). To determine potential TFT-resistance mechanisms, colon
cancer cell lines were made resistant to TFT using different treatment schedules.
These cell lines were characterized for expression and activity levels of the major
enzymes involved in TFT metabolism (Chapter 11). In addition, these cells were
also explored by whole human genome microarray analysis to unravel novel
mechanisms of (TFT-)resistance.
Finally, the results are summarized, discussed and put into perspective in
Chapter 12.
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ABSTRACT
Current treatment modalities for cancer combine cytotoxic drugs against
DNA and novel targeted drugs affecting signal transduction pathways, which are
required

for

growth

progression

and

metastasizing

tumors.

Classical

chemotherapeutic regimens for gastro-intestinal tumors include antimetabolites
based

on

5-fluorouracil

(5FU),

the

platinum

analog

oxaliplatin

and

the

topoisomerase inhibitor irinotecan. The thymidine analog trifluorothymidine (TFT)
has been shown to bypass resistance pathways for 5FU derivatives (S-1, UFT,
Xeloda) in model systems, while concurrent application with a thymidine
phosphorylase inhibitor, TPI, increases the bioavailability of TFT, thereby
potentiating the in vivo efficacy of TFT. The formulation TAS-102 is given orally in a
1:0.5 molar ratio (TFT:TPI). The formulation is dual-targeted due to the cytotoxic
effect of TFT, which is enhanced by TPI, while TPI also exerts antiangiogenic
effects by inhibiting TP, also known as platelet-derived endothelial cell growth
factor. Evidence is accumulating from in vitro and in vivo preclinical studies that
these properties favor further combinations with other cytotoxic agents currently
being used in the treatment of gastro-intestinal tumors. Also treatment with
targeted agents will synergistically downregulate signal transduction pathways
responsible for growth and progression of tumors.
In this review, we summarize the available information on (clinical)
pharmacology, mechanisms of action, pharmacodynamic and pharmacokinetic
properties, early clinical trials and future directions of the new potent combination
drug TAS-102.
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INTRODUCTION
TAS-102 is a promising novel combination drug, which combines several
attractive features. One component is the anti-angiogenic effect, which is also
intended to enhance its cytotoxic effect. TAS-102 contains the cytotoxic pyrimidine
analog 5-trifluoro-2’-deoxythymidine (TFT; trifluridine; CF3dUrd; FTD; F3TDR; F3Thd)
and the potent thymidine phosphorylase (TP) inhibitor TPI, and is currently evaluated
in phase I studies as an oral formulation in a molar ratio of 1:0.5 (Figure 1).
Effector

Modulator
O
CF3

HN

O
Cl

O

N

HO CH2 O

HN

+

N
O

N
H

OH

Trifluorothymidine (TFT)
1

Thymidine phosphorylase inhibitor (TPI)
:

0.5

[molar ratio]

Figure 1. Chemical structure and functional mechanism of TAS-102.

TFT was synthesized originally by Heidelberger et al. [1] in 1964, who
already showed that TFT can be phosphorylated by thymidine kinase to its active
monophosphate form in uninfected tissues mediating cytotoxicity [2]. TFT has also
been evaluated for its antitumor effects and was at least as effective against
adenocarcinoma cells as compared to 5-fluoro-2'-deoxyuridine (FdUrd) [3]. Based
on these pharmacological data, a clinical study on TFT was performed to evaluate
its efficacy in patients with breast and colon carcinomas [4]. Some of the
administration schedules have been reported to produce a reduction of tumor size
(8 out of 23 breast cancer and 1 out of 6 colon cancer). However, these clinical
studies were unfortunately discontinued, because of a poor pharmacokinetic profile
and side effects. TFT was also investigated as a antiviral agent and is registered as
the Viroptic® [5] for use against herpes simplex virus (HSV) infections. The drug
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was previously approved by the Food and Drug Administration (FDA) in 1980 for
the treatment of primary keratoconjonctivitis and epithelial keratitis [6]. The
mechanism of action of the individual components of TAS-102, TFT and TPI, and
their combined effects are discussed in view of its potential application as an
anticancer formulation.
Other oral fluoropyrimidine formulations
Several other oral fluoropyrimidine formulations are currently being
developed or are already used in standard chemotherapeutic regimens (reviewed in
De Bruin et al. [7]) and were developed to replace continuous infusions. They have
at least equal efficacy compared with continuous infusions and improve the quality
of life because of the oral route of administration. Ftorafur (Ft; 1-(2tetrahydrofuryl)-5-fluorouracil, Tegafur or Futraful) is used in several combinations
to improve its bioavailability. UFT consists of Ft combined with uracil in a 1:4 molar
ratio, uracil being a natural substrate for dihydropyrimidine dehydrogenase (DPD)
which prevents 5FU’s breakdown by competition [7]. S-1, its successor follows a
different strategy.

This combination exists of Ft and two other compounds, 5-

chloro-2,4-dihydroxypyridine (CDHP) and potassium oxonate (OXO) (molar ratio Ft :
CDHP : OXO; 1 : 0.4 : 1). CDHP and OXO have no antitumor activity and act as
modulators of 5FU in the metabolism. CDHP functions as an inhibitor of DPD,
thereby increasing the period of high 5FU in the circulation. CDHP is 200-fold more
potent than uracil in inhibiting DPD. OXO is added to limit the gastrointestinal
toxicity of Ft. This toxic effect is the result of phosphoribosylation of 5FU to 5fluorouridine-5'-monophosphate (5-FUMP) by orotate phosphoribosyl transferase
(OPRT). OXO accumulates specifically in normal gastrointestinal tissues compared
to tumors preventing activation of 5FU in normal mucosa but not in the tumor.
A third rationally designed oral prodrug of 5FU is capecitabine (Xeloda),
which is converted to 5FU in three steps, initially catalyzed by carboxyl esterase
located almost exclusively in the liver, thereafter by cytidine deaminase expressed in
the liver and various types of tumors and subsequently by platelet-derived endothelial
cell growth factor (PD-ECGF/TP). The design of capecitabine potentially had two
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advantages: enhanced activation at the tumor site and a decrease of drug
concentration in the healthy tissue thereby decreasing systemic toxicity. The dose
limiting toxicities were similar to those of i.v. administered fluoropyrimidines. Most
common were the hand-foot syndrome and diarrhea. So, since capecitabine is at least
as effective as the 5FU/LV standard [8], and it provides considerable benefits to the
well being of the patient, it has become one of the most widely prescribed oral anticancer drugs.

TF-Thy
TP

TPI

TFT

TF-TDP

TF-TMP

TF-TTP

TK
DNA

dUMP

dTMP

dTDP

dTTP

TS
CH 2-THF

DHF

Figure 2. Mechanism of action of TFT and TPI.

PHARMACODYNAMICS
TFT mediated cytotoxicity
The pharmacodynamic (PD) properties of TFT share some similarities 5FU,
but also with other deoxynucleoside analogs, particularly thymidine analogs, which
are predominantly used as antiviral agents. The mechanism of action of TFT is
depicted in Figure 2. TFT is phosphorylated by thymidine kinase (TK) to its active
monophosphate-derivative TF-TMP which inhibits thymidylate synthase (TS) as was
first shown by Reyes and Heidelberger [9] TS is one of the rate-limiting enzymes in
pyrimidine de novo deoxynucleotide synthesis and therefore it plays a central role in
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DNA synthesis as a target for chemotherapeutic approaches [10]. TF-TMP does not
form a ternary complex and binds covalently to the active site of TS (tyrosine 146)
thereby inhibiting its activity [11],[12]. TF-TMP is a potent reversible inhibitor of TS
with a Ki of 0.38 nM [9] and its activity remains inhibited when a constant influx of
TFT is present; removal of the compound leads to a rapid recovery of TS activity
[12],[13]. This is in contrast to the 5FU derivative 5-fluoro-2’-deoxyuridine-5'monophosphate (FdUMP), which inhibits TS after formation of a ternary complex
with 5,10-methylene-tetrahydrofolate (CH2-THF), thereby enhancing and prolonging
this inhibition [14]. CH2-THF also serves as the co-factor for the reductive
methylation of dUMP to dTMP (Figure 2). Inhibition of TS leads to intracellular
depletion of dTTP and subsequent dUMP accumulation, resulting in uracil
misincorporation into the DNA leading to DNA damage.
In addition to TFT mediated TS inhibition, Heidelberger originally showed
that TFT itself can be incorporated into DNA [15]. The triphosphate form of TFT
(TF-TTP) is incorporated into the DNA [16],[17], eventually causing cell death due
to DNA strand break formation [18], although the precise mechanism of TFTinduced DNA damage remains to be elucidated. A relatively high dose of TFT
appeared to have a similar cytotoxicity against 5FU-resistant cells [18], unlike the
effects of conventional 5FU analogs such as UFT or FdUrd, as well as its parent
cells. These data demonstrated that excessive levels of TFT concentrations that are
necessary to inhibit TS would be needed for DNA incorporation and require
relatively high doses of TFT. Thus, a relatively short-term and high concentration
may cause more DNA damage than that of low dose to show its similar cytotoxic
effect. TFT was incorporated in a time-dependent manner and not in a
concentration-dependent manner [17]. TFT incorporation into DNA continued to
increase during 8 hr exposure of NUGC-3 human gastric cancer cells to TFT at
micro-molar levels. Although intracellular TF-TTP is rapidly eliminated from the
tumor cells after removal of TFT from the culture medium, the incorporated TFT
into the DNA is retained for at least 80% up to 24 hr after the wash-out procedure.
These observations indicated that TFT incorporation into DNA is important. When
tumor-bearing mice were treated with TAS-102 at a repeated dosing of 150
mg/kg/day a significantly higher incorporation of TFT into DNA of the tumor was
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found compared to single dosing [17]. Altogether these in vitro and in vivo results
demonstrated that when tumor cells were exposed for relatively repeated shortterm to high concentrations of TFT the drug could induce most significant amounts
of DNA damage due to enhanced DNA fragmentation resulting in most potent
antitumor activity. This indicates that multiple daily dosing may result in better
clinical benefits for TAS-102 treated cancer patients. However, it is not clear what
type of DNA damage is induced by TFT, e.g. does TFT cause a chain-terminating
effect and which DNA polymerase is involved.
TFT resistance
Most chemotherapeutic regimens in the treatment of gastrointestinal cancer
patients are 5FU-based. The presence of a fluoropyrimidine was actually necessary
to obtain a maximal effect. To improve treatment it is important that an alternative
chemotherapeutic regimen, such as TAS-102, also exhibits antitumor effects against
5FU-sensitive, and more favourably, against 5FU-resistant tumor cells. Therefore a
high bioavailability of TFT in vivo is required to increase its antitumor activity. At a
high dose level of TFT alone (200 mg/kg/day) tumor growth inhibition rates were
about 70% for both 5FU-sensitive and -resistant NUGC-3 gastric cancer cells
(NUGC-3/5FU) implanted s.c. in nude mice [18]. Comparable tumor growth
inhibition rates were seen for FdUrd-resistant DLD-1 colorectal cancer cells (DLD1/FdUrd) in mice treated with 150 mg/kg/day TFT. The 5FU-resistant NUGC-3 cells
were characterized by decreased 5FU incorporation into the RNA and reduced
activity of OPRT, a critical enzyme in the conversion of 5FU to its active metabolites
[19]; this is in contrast to the DLD-1/FdUrd cells, which have increased TS levels
[20]. Therefore it can be concluded that TAS-102, which contains TFT, has
antitumor activity against 5FU resistant tumor cells with different mechanisms of
acquired resistance. TAS-102 itself was also effective in vivo against 5FU-sensitive
tumors from different tissue types, such as human pancreatic and oesophageal
tumor cells [18],[21].
In an in vitro study 5FU resistant DLD-1 cells (DLD-1/5FU) did not show
cross-resistance to TFT or FdUrd, but DLD-1 cells made resistant to TFT (DLD-
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1/TFT) were cross-resistant to FdUrd (about 90-fold) and not to 5FU itself [20].
Although colorectal cancer cells often show increased expression of TS as resistance
mechanism to TS inhibitors [14], the TS levels in DLD-1/TFT cells remained
unchanged, but TK activity was decreased significantly (37-fold). Furthermore,
H630 human colorectal carcinoma cells made resistant to TFT using either a longterm continuous exposure schedule (H630-cTFT) or short-term repeated exposure
schedule (H630-4TFT), acquired different mechanisms of resistance (unpublished
results). H630-cTFT cells growing in medium containing 20 µM TFT had TS and TK
levels comparable to the parental cells and showed a disturbed signal transduction
(e.g. upregulated secretory phospholipase A2 expression, as shown with microarray
analysis). The H630-4TFT cells exposed to TFT on a short-term basis (250 µM TFT
4 hr/week) had normal TS levels, but hardly had any TK activity, revealing the
same TFT resistance mechanism as the DLD-1/TFT resistant cells, which were
exposed repeatedly on a long-term basis (10 µM TFT 5 days/week). In both H630
TFT resistant cell lines no change in TP levels was observed, although this was less
relevant, because a high TP expression in colorectal cancer cells hardly influences
the sensitivity to TFT [16],[22]. In agreement with the DLD-1/TFT cells, both H630derived TFT resistant cell lines were not cross-resistant to 5FU or the folate-based
direct TS inhibitor GW1843, but were cross-resistant to FdUrd (about 160-fold). In
contrast to the DLD-1/5FU, 5FU-resistant H630 cells (H630-R10) with increased TS
levels were cross-resistant to FdUrd and TFT, but this was dependent on exposure
time [13].
TPI increases bioavailability of TFT
The formulation TAS-102 consisting of the cytotoxic TFT and the TP inhibitor
TPI can be considered as a potential anti-angiogenic therapy. In this formulation
TPI has a dual effect, because it has an anti-angiogenic effect and can enhance the
bioavailability of TFT. Given as a single agent, TFT is rapidly degraded in the human
body and follows first-order kinetics with a short plasma half-life of less than 20
minutes [23]. In animal models it was demonstrated that the antitumor activity of
TFT can be improved by increasing its bioavailability. For this purpose depot-forms
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of TFT or TFT derivatives have been used that serve as prodrugs, which, besides
increasing TFT's bioavailability and antitumor activity, might decrease side-effects
and/or increase activation of the drugs. Takeda et al. [24] explored the potential of
several masked TFT derivatives as depot-forms of TFT itself. Takeda already
reported that TFT is more effective in divided dosing than as single administration,
and the use of depot-forms of TFT might even more increase its antitumor potency.
Several acyl- and O-alkylderivatives of TFT had significantly higher growth inhibition
rates and therapeutic indices compared to TFT and might therefore be more useful
than the parental compound, particularly 3'-O-benzyl-TFT [25],[26]. Although these
derivatives slowly release the drug in body fluids in order to achieve effective
concentrations over an extended period of time, they might also affect healthy
tissue thereby increasing the systemic side-effects. Due to increased TK levels often
observed in solid tumors [27], these agents may be an alternative for TFT.
The second approach to increase TFT's bioavailability is to inhibit its
degradation directly by use of a potent TP inhibitor. Initial mice studies already
demonstrated that the TFT degradation product trifluorothymine (TF-Thy) and its
catabolite 5-carboxyuracil were mainly formed in the liver, spleen and the intestines
[2]. In order to inhibit TP a variety of inhibitors have been developed. The
commonly used 6-amino-5-bromouracil (6A5BU) [28] has been the benchmark
pyrimidine-based structure for the design of more potent inhibitors of TP for years.
Freeman and colleagues synthesized a variety of TP inhibitors based on 6A5BU
[29],[30], and observed that 5-halo-2-amino-imidazolylmethyluracils were very
potent inhibitors of E. coli TP with enzyme IC50 of approximately 20 nM [30], which
is at least 75-fold more potent than 6A5BU. The corresponding 2-nitroimidazolylmethyluracil prodrugs were found to be 1000-fold less active than the
parental compounds. However, because they are bioreductively activated they
would give an advantage in enhanced activation in hypoxic areas in solid tumors. In
addition, xanthine oxidase-activated TP inhibitor prodrugs also belong to the
possibilities [29]. The first purine analog displaying inhibitory activity was 7deazaxanthine (7-DX) [31].
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Figure 3. Inhibitory effect of TPI on TFT-phosphorolytic activity in crude extracts from
various mammalian tissues. Radiolabeled TFT was incubated with enzyme extracts from rodent,
dog, monkey and human tissues in the presence (black bars) and absence (white bars) of 1 µM TPI.
Values are means of duplicate determinations. Data was adapted from Fukushima et al. (2000) [34].

Yano et al. described the synthesis and evaluation of novel orally active 6methylene-bridged uracil-derived inhibitors of human TP [32],[33], and identified
several compounds with IC50 values around 1 µM for human TP [32]. These
compounds were selected for further evaluation because of their inhibitory potency
and their pharmacokinetic profile was optimized to inhibit TP [33]. The most potent
human TP inhibitor of the whole series that was synthesized was the 5-chloro-6-(2iminopyrrolidin-1-yl)methyl-2,4(1H,3H)-pyrimidine dione hydrochloride (TPI) with
an IC50 of 35 nM for TP, but was a poor inhibitor of uridine phosphorylase (UP)
(IC50 >100 µM) [34], a pyrimidine phosphorylase also known to cleave thymidine
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(TdR) and other pyrimidine nucleosides. The Ki value for TPI using recombinant
human TP was 17 nM [34]. TPI was a potent inhibitor of TFT phosphorolysis in
extracts from human liver, small intestine and tumor tissues, and at equimolar
doses TPI increased Cmax

and AUC of orally administered TFT (10 mg/kg) to

monkeys at least 70-fold (Figures 3 and 4 respectively). Initial mice experiments
showed that at equimolar doses TPI significantly potentiated TFT induced growth
inhibition of xenografted AZ-521 human gastric cancers in nude mice [34].
Comparable antitumor activity was shown against DLD-1 colorectal cancer
xenografts, which reached a maximum tumor growth inhibition rate of 70% (Figure
5) [35]. TPI augments TFT cytotoxicity maximally in vivo due to elevation of drug
exposure of tumor cells to TFT. The optimal molar drug ratio to reach maximal TFT
plasma levels in monkeys was 2:1 (TFT:TPI) (Figure 6), which was subsequently
developed as TAS-102 [35]. In vitro studies have shown that despite of high TFT
phosphorolysis, high TP expressing colorectal Colo320TP1 and non-small cell lung
H460TP2 cancer cells are not more resistant to TFT while addition of TPI did not
increase TFT sensitivity [16],[22]. A moderate almost 2-fold increase of formation
of active TFT metabolites was found, although it was not related to increased
incorporation of TFT into DNA [16]. In addition, favourable enzyme properties
possibly allow the TFT activation pathway to be maximally saturated, which is
hardly influenced by TFT degradation by TP. TPI only affected TFT mediated
cytotoxicity at very short exposure in cells expressing very high TP [16], with
apparently maximum incorporation of TFT into DNA. This means that the mode of

in vitro cytotoxicity exerted by TFT is also dependent on exposure times used. The
effect of TPI was not dependent on the activity of TP, since all models displayed
different activities of TP.
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Figure 4. Plasma TFT levels in mice (A) and monkeys (B) following oral administration in
the presence and absence of TPI. TFT (black circles) was administered in doses of 50 mg/kg
(normal mice) or 10 mg/kg (normal monkeys), or in combination with an equimolar amount of TPI
(white circles). Values are means of several experiments (n=6 mice; n=3 monkeys). Data was
adapted from Fukushima et al. (2000) [34].
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treatment ratios of TFT:TPI in human DLD-1 colorectal cancer xenografts in nude mice.
Data was adapted from Emura et al. (2005) [35].
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Figure 6. Plasma TFT levels in ICR mice (left) en monkeys (right) following oral
administration in the presence and absence of TPI at different molar ratios. TFT was
administered in doses of 50 mg/kg (mice) or 10 mg/kg (monkeys). TFT plasma levels over time (A)
and relationship Cmax and various TPI/TFT ratios (B) were determined. Data was adapted from
Emura et al. (2005) [35].

Tumor angiogenesis
To improve cancer therapy there is an obvious need to develop novel
treatment options. Angiogenesis is an important process in stimulating tumor
growth and metastasis of many cancers. Targeting angiogenesis in addition to
current chemotherapy is an important new development [36]. VEGF and its
receptors (VEGF-R) are often elevated in various malignancies and therefore are
excellent chemotherapeutic targets in the treatment of colorectal tumors and other
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solid tumors [37]. Most anti-angiogenic drugs target growth factors (and their
receptors) or inhibit endothelial cell proliferation or/and signal transduction. VEGF,
but also fibroblast growth factor FGF, endothelial cell growth factor (ECGF) and
platelet-derived growth factor (PDGF) and their tyrosine kinase receptors are major
regulators of angiogenesis [38],[39]. Promising new anti-angiogenic drugs are
under investigation.
Next to the mentioned factors, PD-ECGF plays a role in tumor angiogenesis
[40]. PD-ECGF was also identified as TP [41],[42] and gliostatin [40]. PD-ECGF/TP
is a potent pro-angiogenic factor that promotes tumor growth [43],[44]. In additon
to VEGF, increased PD-ECGF/TP expression is seen in colorectal tumor tissue
compared to normal tissue [45] and high PD-ECGF/TP levels are a prognostic factor
for poor survival in colorectal [46] and gastric cancers (reviewed in [7]). Using
staining techniques PD-ECGF/TP is often overexpressed in tumor infiltrating cells
(mainly macrophages) and colon cancer cells themselves [7],[47],[48]. Takahashi

et al. [49] previously reported that high blood vessel density is well correlated with
increased PD-ECGF/TP expression and is associated with metastasis formation in
human colorectal cancer and gastric cancer [48]. High PD-ECGF/TP expression is
often associated with high vessel counts in colorectal tumors expressing low VEGF,
in contrast to high VEGF expressing tumors with high vessel density [50]. Therefore
PD-ECGF expression in human colorectal tumors by infiltrating cells provides an
additional alternate mechanism for tumor neovascularization.
Both VEGF and PD-ECGF/TP are important in human angiogenesis induced
by both tumor and normal cells and therefore these factors and their receptors are
good targets for anti-angiogenic therapy [7]. Although there are several other
factors/parameters that regulate angiogenesis, VEGF and PD-ECGF/TP expression
levels and e.g. counting microvessels (angiogenic index) within the tumors will have
a prognostic value. For PD-ECGF/TP Takebayashi et al. [46] already postulated that
PD-ECGF/TP inhibition might improve prognosis for some colorectal cancer patients.
Tumor growth and metastasis are dependent on a sufficient blood supply and
therefore inhibition of tumor-induced angiogenesis in combination with classic
cytotoxic chemotherapy is a strategy to improve survival for patients with solid
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tumors. Several (pre)clinical studies have already shown enhanced tumor
regression by combining an anti-angiogenic agent with cytotoxic agents [51],[52].
The downstream mediator of PD-ECGF/TP 2-deoxy-D-ribose promotes
angiogenesis by enhancing chemotaxis of vascular endothelial cells [53], and may
confer resistance to apoptosis induced by hypoxia [54]. PD-ECGF/TP enzymatic
activity is needed for angiogenesis, tumor growth, invasion and metastasis, which is
all related to the often upregulated PD-ECGF/TP in tumor stroma. The potential of
TPI to block these processes was investigated in vivo [35],[55],[56]. TPI
significantly inhibited PD-ECGF/TP-induced neovascularization in a dose-dependent
manner in mice models. Furthermore, KB human epidermoid carcinoma expressing
high PD-ECGF/TP (KB/TP) in the mouse dorsal air sac assay, had a higher level of
blood vessel formation than low PD-ECGF/TP expressing KB cells, while TPI could
suppress this process [56]. Figure 7 shows that TPI strongly inhibits KB/TP-induced
formation of new blood vessels. Additionally, TPI alone decreased the growth rate
of KB/TP cells (Figure 8) and increased the apoptotic index significantly, indicating
the antitumor activity of TPI as a single agent and its important role in tumor
growth.
The statistically significant correlation between presence of PD-ECGF/TP
expression and microvessel density in early-stage human colon carcinomas was
previously reported [55]. The depth of tumor invasion is highly related to
microvessel density, and therefore PD-ECGF/TP may have an important role in the
early stages in the development of colorectal cancer through angiogenesis. This
indicates the existence of an angiogenic switch that may occur in the early
development of colorectal cancer, simultaneously to initiation of invasion [49],
which is directly related to liver metastasis, which in turn is associated with poor
prognosis and patient survival. TAS-102 was able to reduce the number of liver
metastases in a nude mouse model [21]. TPI alone decreased the chemotactic
motility and basement membrane invasion of KB/TP cells [57], and suppressed the
number of liver metastases macroscopically, but also suppressed the level of human
β-globin, which is a marker for liver micrometastases [57]. Sato et al. [58] also
determined that, using a matrigel invasion assay, high PD-ECGF/TP expressing
transfected human A549 lung adenocarcinoma cells have higher invasive potential
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than their mock transfectant cells, and that TPI markedly diminished the invasive
activity. In nude mice TPI also suppressed the formation of lung metastases, which
together with the previous findings all demonstrate that PD-ECGF/TP is a key role
player in the invasiveness and metastasis of high PD-ECGF/TP expressing solid
tumors. Because of the potent anti-invasive and anti-metastatic activity of TPI, TAS102 is a promising candidate for clinical use (see also Table 1).

Figure 7. The effect of TPI on TP-induced angiogenesis. Mice implanted with a chamber
containing KB/TP (A and B) and KB/CV (C and D) cells were treated with vehicle (A and C) or 50
mg/kg/day TPI (B and D). Magnification: 20x. Data was adapted from Matsushita et al. (1999) [56].
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Figure 8. The effects of TPI on tumor weight. After the tumor size reached about 50 – 150 mm3,
TPI was administered i.p. for 22 days at the indicated amounts. Statistical significance was determined
using multiple regression analysis, adjusting for tumor type and observation period (mean ± SEM; n =
6). Data was adapted from Matsushita et al. (1999) [56].

It has been shown that chemotherapeutic drugs themselves often upregulate
PD-ECGF/TP [59], which will not affect TAS-102, because the enzyme is inhibited by
TPI. Additionally, low PD-ECGF/TP expression might confer resistance to several
fluoropyrimidine anticancer agents [41]. The oral 5FU prodrug capecitabine (Xeloda®;
Roche Pharmaceuticals) [8],[60] is activated by PD-ECGF/TP, and therefore is
extremely dependent on sufficient PD-ECGF/TP levels at the tumor site. Therefore,
low PD-ECGF/TP levels may negatively influence therapeutic outcome of Xelodabased chemotherapy [41]. The in vivo role of PD-ECGF/TP in the cytotoxicity and
short-term pharmacodynamics of TAS-102 compared to capecitabine in colon cancer
cells was previously studied using the Hollow Fiber Model (HFM) [61]. Results showed
that TAS-102 is only effective in inducing cytotoxicity when systemic TPI is present,
but acts against both undetectable and high TP expressing colon cancer cells (Figure
9), while the capecitabine-derived metabolite 5-fluoro-5'-deoxyuridine (5'DFUR) needs
cellular TP to exert significant activity. However, evidence is accumulating that also
UP can play an important role in 5'DFUR conversion into 5FU [62-64]. Although TPI
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Table 1. Summary of studies in which an anti-invasive effect of TPI on tumor cells expressing TP was demonstrated.
Antitumor Effects

TPI alone

decreased tumor growth rates; i ncreased apoptosis
induction; reduced microvessel densi ty

(56)

Fukushima et al. (2000) tumor implants nude mice
(human gastric carcinoma)

TFT ± TPI

reduction of tumor volume

(34)

Takao et al. (2000)

tumor implants nude mi ce; Matrigel
invasion/chemotaxis chamber assays
(human epidermoid carcinoma)

TPI alone

reduced metastasis; inhibiti on of basement
membrane invasion and chemotactic motility

(57)

Sato et al. (2003)

tumor implants nude mi ce; Matrigel
invasion chamber assay
(human lung adenocarcinoma)

TPI alone

reduced metastasis; inhibiti on of basement
membrane invasion

(58)

Emura et al. (2004)

tumor implants nude mice
(human gastric/pancreatic carcinoma

TAS-102

decreased tumor growth rates

(17)

Emura et al. (2004)

tumor implants nude mice
(several different human cancers)

TAS-102

decreased tumor growth rates

(74)

Emura et al. (2004)

tumor implants nude mice
(several different human cancers)

TAS-102

decreased tumor growth rates; reduced metastasis

(21)

Emura et al. (2004)

tumor implants nude rats/mice
(human colorectal carcinoma)

TAS-102

decreased tumor growth rates

(18)

Emura et al. (2005)

tumor implants nude mice
(human gastric/colorectal carcinomas

TFT ± TPI

decreased tumor growth rates

(35)

Temmi nk et al. (2007)

Hollow Fiber Model (normal mice)
(human colorectal carcinoma)

TFT ± TPI

decreased tumor growth rates; i ncreased apoptosis
induction

(61)

Matsushita et al. (1999)
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(tumor cell type)

Reference

Drug Treatment

Study

tumor implants nude mice; mouse
dorsal air sac assay
(human epidermoid carcinoma)
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effectively inhibits TP activity, it is a poor inhibitor of UP [34]. However, TFT is a poor
substrate for UP, and a high activity of UP will unlikely affect the efficacy of TFT. This
study also showed that the effect of TPI is independent of the level of TP, since a
tumor undetectable TP activity and its TP transfected variant with a very high TP
activity were used [61].

Colo320

Colo320TP1

Net cell growth (%)

140
120
100
80

*
*

60

Figure 9. Growth inhibition of Colo320
and Colo320TP1 cells in hollow fibers
implanted s.c. in mice. The mice were
treated with the formulation TAS-102 or
with TFT alone at the same dose. 4-5 fibers
per cell line, all implanted in different mice,
were assayed. Values are Means ± SE. In
vitro control: fibers were incubated in DMEM
culture medium. Compared to in vivo fiber
control: * p<0.05. Data adapted from
Temmink et al. (2007) [61].

40
20

TF
T

co
nt
ro
l
TA
S10
2

vi
vo
In

In

vi
tro

co
nt
ro
l

0

Drug treatment
Combination Studies
Novel treatment options often consist of combinations of drugs in which
current chemotherapeutic regimens are combined with e.g. immunotherapy or
radiation therapy. The combination of cytotoxic and anti-angiogenic agents would
have great potential in improving anti-cancer therapies. For that reason TAS-102 is
an excellent candidate to be combined with other cytotoxic agents. To investigate
this potential, TAS-102 was combined with other anticancer agents in in vitro
combination studies. TFT was combined with other TS inhibitors, oxaliplatin (OHP) or
irinotecan (CPT-11) in different schedules in order to determine their interactions.
Combining TFT with FdUrd is no option, since the effects were pure additive and no
synergistic interaction was found [3]. At low folate conditions TFT and folate-based
TS inhibitors showed pronounced synergism in growth inhibition, two-sided TS
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inhibition and DNA damage induction, whereas at high folate conditions only additive
effects were seen [65]. The combination of TFT and raltitrexed (ZD1694) was mainly
additive when added simultaneously at both low and high folate conditions.
The sensitivity of colon cancer cells to OHP could be increased by
simultaneous exposure to TFT (Figure 10) [66] resulting in increased Pt-DNA adduct
formation and subsequent increased DNA damage induction and apoptosis induction.
The TFT-OHP combination was dose-schedule dependent, since TFT pre-incubation
decreased OHP induced cytotoxicity to colorectal cancer cells For the combination of
TFT and SN38, the active metabolite of CPT-11, the most pronounced synergistic
interactions were found when colorectal cancer cells were pre-incubated with TFT
before SN38 exposure, which resulted in increased DNA strand break formation and
cell death [67].

Concentration OHP (µM)
0.1

1

10

100

100

Growth (%)

TFT
OHP
TFT+OHP

75

50

25

0
0.01

0.1

1

10

100

Concentration TFT (µM)
Figure 10. Interaction between TFT and Oxaliplatin (OHP) as tested in the colon
carcinoma cell lines H630. Drugs were added in a fixed ratio and cells were exposed for 72 hr.
This is an example of 5 cell lines in which a clear synergism was found [66].
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Table 2. Summary of studies in which pharmacokinetic parameters of TFT (± TPI) were determined.

St udy
(model)

Dexter et al. (1972 )
(human)

Pharmacok inet ic paramete rs

TFT Tre atme nt

Reference

C max

Tmax

T1/2

A UC

(µg /ml)

(min)

(min)

( µg · hr/ml)
(23 )

18

27 mg/kg i .v.

Takeda e t al. (1992 )
(mouse )

50 mg/kg oral

8

30

30

7

Fukushima e t al. (2000 )
(mo nkey)
(mouse )

10 mg/kg ora l (+ equi-M TPI)
50 mg/kg ora l (+ equi-M TPI)

0 .23 (15 )
16 (32 )

60 (60 )
10 (30 )

?
?

0 .28 (28 )
13 (2 4)

Yano et al. (2004 )
(mouse )

5 0 mg/kg o ral TFT alone

13

30

?

8

Hong et al. (2006 )
(human)

(24 )

(34 )

(32,33 )

(75 )
2

50 mg/m /d TAS-102 (MTD)
2
100 mg/m /d TAS-102 (DLT)

9.1
13.1

30
45

15.9
27.8
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PHARMACOKINETICS
TFT catabolism in vivo
The main pharmacokinetics (PK) of TFT resembles that of most antimetabolites with a short half-life (see Table 2) [68]. The mean plasma half-life of
single TFT injected to cancer patients was less than 15 minutes [23]; therefore it
was previously assumed that repeated rapid injections of TFT would be more
effective with respect to exposing cancer cells to the drug [4]. TFT is
phosphorylyzed to TF-Thy, which was found to have growth inhibitory activity in
bacterial but not mammalian biological systems [3]. TF-Thy can be hydrolyzed to 5carboxyuracil with loss of the inorganic fluoride, and early clinical pharmacology
studies with TFT showed that the only metabolites detected in urine and serum
samples of treated cancer patients were unmodifed TFT, TF-Thy and 5-carboxyuracil
[2],[23].
When studying TFT metabolism in rat brain using

19

F- nuclear magnetic

resonance spectroscopy [69], it was demonstrated that TFT can cross the bloodbrain barrier in low micromolar concentrations and is predominantly metabolized to
TF-Thy. Reduction of the nitrogen base moiety and generation of 5-6-dihydrospecies followed by ring degradation is the major pathway for hepatic metabolism.
Besides TF-Thy, the dihydro-species of TFT and TF-Thy, the reductive catabolites αtrifluoromethyl-β-ureidopropionic acid (F3MUPA) and α-trifluoromethyl-β-alanine
(F3MBA) were detected in liver extracts. Low levels of fluoride ions were detected in
serum and urine, but also in brain and liver extracts. So far no validation
experiments in humans are reported yet.
In contrast to TF-Thy, TFT itself has considerable biological activity as
described in the previous sections. TPI was able to increase the AUC of TFT when
TAS-102 was orally administered to rodents or monkeys [34],[35]. This increase was
more dramatic in monkeys due to differences in expression of pyrimidine
phosphorylases in these animals [41],[64],[70]. PD-ECGF/TP is pre-dominantly
expressed in monkeys, while UP is higher than PD-ECGF/TP in rodents. Tsuchiya et

al. [71] developed a PK model in order to evaluate TFT bioavailability in monkeys
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after co-administration with TFT. Their setup for hepatic intrinsic clearance was timeor concentration dependent, since TFT catabolism is inhibited by TPI competitively,
thereby taken into account the time-courses of both TFT and TPI in plasma. Using
this model Tsuchiya et al. were able to provide a quantitative explanation for the
dose-dependent enhancement of TPI for the AUC of TFT in monkeys and did observe
much less AUC increase in rats.
It was also important to establish an optimal molar drug ratio of TFT:TPI to
reach maximal TFT plasma levels. With a TFT:TPI molar ratio of 2:1 the highest
TFT concentrations in the plasma were obtained [35]. At a co-administration of 1 M
TFT (10 mg/kg) and >0.5 M TPI a maximum and constant level of 15 µg TFT/ml
was found (Figures 4 and 6). Using this molar drug ratio a maximal augmented
antitumor acivity of TFT was found for gastrointestinal cancer cells xenografted into
mice, with ED50 values between 10-25 mg/kg. In addition to optimal TFT plasma
concentrations, incorporation of TFT into DNA is an important pharmacological
discriminating feature in contrast to 5FU metabolites [17]. Steady levels of TFT in
plasma obtained with divided dosing of TFT within an adequate time-period, results
in optimal DNA incorporation and subsequent antitumor activity.
The enzyme activities of PD-ECGF/TP, TK and TS are the most important in
TFT metabolism and cytotoxic activity in cancer cells. In vivo PD-ECGF/TP mediates
TFT catabolism, and TK levels are often higher in human tumor tissues than normal
tissues [27],[72],[73], which would lead to more rapid TFT activation. The TS
expression levels in xenografts of human tumors were not directly related to the
antitumor activity, neither were TK and PD-ECGF/TP [74]. However, the ratio of TK
and PD-ECGF/TP was correlated with the antitumor activity, demonstrating that TK
and PD-ECGF/TP were important factors in the in vivo efficacy of TAS-102, and a
high TK:PD-ECGF/TP ratio may predict response to TAS-102 therapy. Besides TFT
breakdown, TdR levels may theoretically reduce the growth inhibiting effect of TFT,
because inhibition of both TFT and TdR degradation by TPI can lead to an increase
of intracellular TdR [74]. TAS-102 or TPI administration can increase plasma TdR
levels, but not that of Urd, dUrd or deoxycytidine (dCyt), however, no evidence for
a protective effect of TdR was found.
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Clinical trials
The initial antitumor effects of TFT against colon cancer was reported in
1971, in which it was shown that repeated administration of TFT can produce
reduction in tumor size of patients with breast and colon cancer [4]. However,
systemic administration of TFT alone (2.5 mg/kg/day) in divided doses every 3 hr
for 8-13 days, resulted in severe bone marrow depression [4]. TFT mediated
cytotoxicity was primarily confined to the hematopoietic system with less damage of
the gastrointestinal tract compared to 5FU and FdUrd [3],[23]. The TFT early clinical
trials were discontinued because of the short half-life due to its rapid clearance and
extensive degradation by PD-ECGF/TP in vivo. This likely resulted in the moderate
antitumor efficacy that was observed [4].
TFT re-entered clinical development as TAS-102, and three phase I clinical
trials have been completed (summarized in Table 3). The first phase I trial of TAS102 orally administered to patients with solid tumors once daily for 14 days every 3
weeks with a determined maximum-tolerated dose (MTD) of 50 mg/m2/d and with
granulocytopenia as the dose-limiting toxicity (DLT) at 100 mg/m2/d [75]. In this
schedule drug accumulation was observed, since the AUC increased 2-2.5-fold after
two weeks, possibly explaining the toxicity. In the second trial once-daily TAS-102
was given orally (50-80 mg/m2/d) to patients with gastrointestinal malignancies for
5 days a week for 2 weeks repeated every 4 weeks [76]. This schedule with the 2day treatment rest allowed to administer higher doses of TAS-102 compared to the
continuous daily schedule. In a third phase I study patients with solid tumors
received TAS-102 doses ranging from 100-140 mg/m2/d for 5 days every 3 weeks in
order to determine the MTD [77]. At 120 mg/m2/d patients experienced severe
granulocytopenia which was considered to be the DLT. Other toxicities observed
included neutropenia, mild to moderate nausea, vomiting, diarrhea, fatigue and
rash.
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Table 3. Phase I studies of TAS-102 orally given in patients with solid tumors to determine toxicity and efficacy profiles.

Study
(reference)

Treatment
Dose

Schedule

Evaluation
# Patients

Toxicity

2

(mg/m /d)

Efficacy
(best response)

Hong et al.

100

q1dx14

2

(75)

50

q1dx14

6

60

q1dx14

6

Dwivedyet al.

50

q1dx5

3

(76)

70
80

q1dx5
q1dx5

Thomas et al.
(77)

120

Woff
l et al.
(unpublished)

°3/4 bone marrow suppression(2/2)
°3/4 toxicities (0/6)
°3/4 granulocytopenia (3/6)

ND
SD (2/6), PD (4/6)
SD (2/6), PD (4/6)

6
NK

°3/4 toxicities (0/3)
°4 granulocytopenia (1/6), °3 toxicities (0/6)
NK

SD (1/6), NE(5/6)
NK

q1dx5

NK

°4 granulocytopenia (NK)

NK

60

TIDx5

3

SD (9/15)*

70

TIDx5

6

80

TIDx5

6

°3 neutropenia (3/3)
°3 neutropenia (5/6)
°3/4 neutropenia (6/6), °3 thrombocytopenia (1/6)

Green et al.

80

BIDx5

3

SD (7/19)*

(78)

90

BIDx5

16

°3/4 granulocytopenia (2/3)
°3/4 granulocytopenia (9/16), °4 thrombocytopenia (1/16)

ND

q1dx14: once a day for 14 days, repeated every 3 weeks; q1dx5: once a day for 5 days followed by 2 days rest for 2 weeks, repeated every 4 weeks
(Dwivedy et al.) or for 1 week, repeated every 3 weeks (Thomas et al.); TIDx5: three times a day for 5 days followed by 2 days rest for 2 weeks, repeated
every 4 weeks; BIDx5: twice a day for 5 days followed by 2 days rest for 2 weeks, repeated every 4 weeks. ND = not determined, NK = not known, NE =
not evaluable, SD = stable disease, PD = progressive disease. * dose not specified, median duration of SD was >4 months.
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In more recent TAS-102 phase I trials two or three times a day administration
schedules were used, since divided daily dosing of TFT resulted in higher antitumor
activity in preclinical studies due to increased incorporation of TFT into DNA.
Furthermore, the previous once-daily TAS-102 phase I trials showed a short TFT halflife. In an unpublished phase I trial conducted at the MD Anderson Cancer Center
(Houston, TX, US) using a three times a day (60-80 mg/m2/d) schedule (5d/week for
2 weeks repeated every 4 weeks) with patients with solid tumors receiving TAS-102
orally, it was concluded that TAS-102 was well-tolerated with manageable
hematological (most common grade 3/4 neutropenia) and non-hematological (e.g.
nausea, vomiting, fatigue, colitis) toxicities. The suggested phase II TAS-102 dose is
70 mg/m2/d. Another phase I trial was conducted to determine the phase II dose and
the DLT in patients with metastatic breast cancer [78]. Patients received TAS-102
orally at an initial dose level of 80 mg/m2/d in a twice daily schedule (5d/week for 2
weeks repeated every 4 weeks). Clinical activity was seen including prolonged disease
control (>12 weeks). It was concluded that TAS-102 is an active agent against
heavily pretreated metastatic breast cancer patients, with primarily hematologic
toxicities (mainly grade 3/4 granulocytopenia and grade 4 thrombocytopenia), and
the recommended dose was 50 mg/m2/d using this schedule.
Regimens including TAS-102 are currently under investigation against cancer
in phase II studies (in US and Japan).

CONCLUSIONS AND FUTURE DIRECTIONS
The novel formulation TAS-102 is promising because of

its dual-targeted

properties: both anti-angiogenic and cytotoxic effects, which may be beneficial
against gastrointestinal malignancies. TAS-102 has also great potential in future
clinical drug combination studies, both with cytotoxic agents and targeted therapy. A
combination of these treatments may help to prevent recurrence of tumors due to
either drug resistance, or to increased vascularization of the tumor between
chemotherapeutic treatments. Current strategies favor attacking multiple targets,
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such as angiogenesis inhibitors in combination with radio- or chemotherapeutic
treatment.
Although inhibition of angiogenesis can reduce microvessel density, it does not
necessarily have to result in reduced delivery of chemotherapeutic drugs to the
tumor cells [79]. However, solid tumors often have increased interstitial fluid
pressure, which will result in decreased delivery of chemotherapeutic drugs [80].
Anti-angiogenic treatment has considerable antitumor efficacy, but several studies
showed that a combination of angiostatic and cytotoxic agents can increase this
efficacy. TAS-102 has both properties, and has great potential to improve the
treatment of gastrointestinal malignancies when combined with other angiostatic or
cytotoxic agents, such as with the VEGF inhibitor bevacizumab (Avastin®; Genentech
Inc.) or the DNA synthesis inhibitors OHP (Eloxatin®; Sanofi-Synthelabo Inc.) or CPT11 (Camptosar®; Pfizer Pharmaceuticals Inc.), respectively. Other possibilities are
combining TAS-102 with cetuximab (IMC-C225; Erbitux®; ImClone Systems Inc.),
which targets the human epidermal growth factor receptor (EGFR), or with the smallmolecule inhibitors of the EGFR tyrosine kinase domain gefitinib (ZD1839; Iressa®;
AstraZeneca

Pharmaceuticals

Inc.)

or

erlotinib

(OSI-774;

Tarceva®;

OSI

Pharmaceuticals, Inc.).
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ABSTRACT
Trifluorothymidine (TFT) is a fluorinated thymidine analog that after
conversion to its monophosphate derivative can inhibit thymidylate synthase (TS)
and be incorporated into DNA. TFT is a good substrate for thymidine phosphorylase
(TP) and the combination of TFT and a TP inhibitor (TPI), called TAS-102, has been
developed to enhance the bioavailability of TFT in vivo, and is currently being studied
in a phase I study. We aimed to determine the limiting factor(s) in the cytotoxicity of
TFT with or without TPI to cancer cells.
Colon cancer and lung cancer cell lines with either an overexpression or
deficiency of one of the enzymes involved in TFT metabolism were used to study the
effect of TPI on TFT sensitivity, and the role of TS inhibition. The synthesis of
radioactive TFT metabolites was studied using thin-layer chromatography together
with the incorporation of TFT into DNA.
We found that despite a high rate of TFT phosphorolysis, cells with high TP
expression are not more resistant to TFT, while TPI did not increase TFT sensitivity.
High TS expressing cells were shown to be cross-resistant to 72 hr exposure to TFT
compared to 5FU, although this was more pronounced at 4 hr exposure (3.4 fold or
more for TFT and 1.4 fold or more for 5FU). Despite a moderate inhibition of TS
activity in cells expressing high TS, these cells were more sensitive to TFT than 5FU
(3.8 fold or more). Only in Colo320TP1 cells expressing high TP, inhibition of TFT
phosphorolysis by TPI increased formation of active TFT metabolites 1.8 fold,
although this was not related to an increase in TFT incorporation into DNA.
These studies show that uptake of TFT and subsequent phosphorylation of
TFT by cancer cells is very rapid. Despite a high rate of degradation, the activation
pathways are still saturated and sufficient to inhibit TS and enable incorporation into
DNA, although the contribution of each effect is exposure time dependent.
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INTRODUCTION
Thymidylate synthase (TS) is one of the rate-limiting enzymes in pyrimidine
de novo deoxynucleotide synthesis. TS catalyzes the methylation reaction of 2'deoxyuridine-5'-monophosphate (dUMP) to 2'-deoxythymidine-5'-monophosphate
(dTMP) with 5,10-methylene-tetrahydrofolate (CH2-THF) as the methyl donor [1].
Because TS plays a central role in DNA synthesis it continues to be a target for
chemotherapeutic approaches [2],[3]. TS can be inhibited by a variety of folate
analogs, such as the TS-directed antifolates nolatrexed, raltitrexed and pemetrexed
[4], and the fluorinated pyrimidine analogs 5-fluorouracil (5FU) [5], 5-fluoro-2’deoxyuridine (FdUrd) [6] and 5-trifluoro-2’-deoxythymidine (TFT; Figure 1) [7].
FdUrd (derived from 5FU) and TFT can be metabolized by thymidine kinase (TK) to
their active phosphate derivatives FdUMP and TF-TMP respectively. Therefore TK and
TS both have a potential role in resistance to fluorinated pyrimidines. FdUMP inhibits
TS after formation of a ternary complex with CH2-THF, which will enhance and
prolong this inhibition [8]. In contrast to FdUMP, TF-TMP does not form a ternary
complex and binds covalently to the active site of TS thereby inhibiting its activity
[9],[10]. TF-TMP shares the same mechanism of cytotoxicity as FdUMP by inhibiting
TS leading directly to depletion of dTMP and subsequently of dTTP (Figure 2).
Indirectly, lack of dTTP leads to an accumulation of dUMP resulting in dUTP
incorporation into the DNA [11]. In addition, the triphosphate forms of FdUrd [12]
and TFT (FdUTP and TF-TTP respectively) can be incorporated into the DNA causing
cell death eventually because of DNA strand breaks.
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Figure 1. Chemical structures of thymidine (TdR), trifluorothymidine (TFT) and thymidine
phosphorylase inhibitor (TPI).
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Figure 2. Mechanism of action of TFT and TPI.

Resistance to 5FU is an important problem in cancer patients receiving 5FUbased chemotherapy. A number of clinical evaluations demonstrated a relationship
between TS expression in tumors and the clinical response and/or survival in these
cancer patients [13],[14],[15]. Poor response and/or survival rates are often
associated with high TS levels in tumors. In vitro studies have shown that 5FU
resistance in human tumor cells is often the result of increase in TS mRNA and/or
protein expression [8],[16]. Still, it has also been shown that 5FU resistant human
tumor cells can have decreased 5FU-activating enzymes, including orotate
phosphoribosyl-transferase and uridine kinase [17],[18]. Murakami et al. [19]
showed that TFT may be more effective in colorectal cancer cells to overcome
(acquired) 5FU and/or FdUrd-resistance caused by amplification and subsequent
overexpression of TS.
TFT alone shows cytotoxicity against tumor cells but this may be limited due
to breakdown to TF-thymine (TF-thy) catalyzed by thymidine phosphorylase (TP).
Previous studies showed that TP is often upregulated in tumor cells [20],[21]. In
contrast, 5FU can be activated by TP, but under physiological conditions this pathway
probably does not play an important role [22]. To avoid low bioavailability of TFT in

vivo, degradation of TFT can be decreased by TP inhibition (Figure 2). The very
potent TP inhibitor 5-chloro-6-[1-(2-iminopyrrolidinyl)methyl]-uracil hydrochloride
(TPI; Ki value of 1.7 x 10-8 M; Figure 1) inhibits human TP, but not uridine
phosphorylase [23].
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TFT has been evaluated as an anticancer agent, but was not effective as a
single agent, possibly because of its extensive degradation [24]. To overcome this
problem, the combination of TFT and TPI has been developed in the molar ratio of
1:0.5 (called TAS-102) in which TPI should prevent degradation of TFT and thereby
enhancing the bioavailability of TFT to tumor cells [23],[25]. TAS-102 is currently
tested in different schedules as an orally chemotherapeutic agent in a phase I study
[26].
In this study we aimed to determine limiting factors in the in vitro cytotoxicity
of TFT with or without TPI to cancer cells. For this purpose we focused on the
metabolizing and target enzymes involved and used cells with either an
overexpression or deficiency (induced or intrinsic) of one of these enzymes and/or
with a resistance to either 5FU, FdUrd or antifolates. This was also related to
synthesis of TFT metabolites and their incorporation into the DNA in cells.

MATERIALS & METHODS
Chemicals
Dulbecco's modified Eagle's Medium (DMEM) and RPMI 1640 medium were obtained from
BioWhittaker Europe (Cambrex Co., Verviers, Belgium). Fetal calf serum (FCS) was from
Gibco BRL (Life Technologies, Breda, The Netherlands). 5FU was purchased from Sigma
Chemicals Co. (St. Louis, MO, USA). TFT and TPI were provided by Taiho Pharmaceuticals
Co. (Hanno, Japan) [23]. [5-3H]-2’-deoxycytidine (specific activity 28.5 Ci/mmol) and [6-3H]5-trifluoromethyl-2’-deoxyuridine (specific activity 9.9 Ci/mmol) were purchased from
Moravek Biochemicals Inc. (Brea, CA, USA). All other chemicals used in the experiments
described below were of analytical grade and commercially available.

Cell cultures
Various cell lines originating from different tissues were used in this study. The human
colorectal carcinoma cell lines H630, WiDr and their variants made resistant to either 5FU
[27] or an antifolate (pemetrexed, Pem or multi-targeted antifolate, MTA) [28], were used to
investigate cross-resistance to TFT. WiDr-4Pem and WiDr-cPem are Pem resistant variants
from WiDr, which were developed by weekly exposure to Pem for 4 hr at 50 µM and 72 hr at
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20 µM, respectively [28]. These cell lines have an overexpression of TS and were shown to
be cross-resistant to other antifolates, e.g. ZD1694 and AG337. H630R1 and H630R10 are
5FU resistant variants of H630 with increased TS levels, which are grown continuously in
medium containing 1 or 10 µM 5FU [16],[27]. Colo320TP1 is a Colo320 variant transfected
with TP DNA and has a high TP expression compared to its parental colorectal carcinoma cell
line Colo320 [22]. H460 is a human non-small cell lung cancer cell line with a naturally high
TP-expression [22]. WiDr/F is a WiDr variant adapted to grow at low folate conditions [29].
WiDr/F cells were cultured in folate-free RPMI 1640 medium supplemented with 10%
dialyzed FCS, 2 mM glutamine and 2.5 nM dl-leucovorin (LV). H460 was cultured in RPMI
1640 medium only supplemented with 10% heat-inactivated FCS. WiDr, H630, Colo320 and
their variants were cultured in DMEM supplemented with 10% heat-inactivated FCS. All cell
lines were grown as monolayers at 37 ºC in a 5% CO2 humidified atmosphere and grew
exponentially during the course of all experiments.

Growth inhibition experiments
In order to determine cytotoxicity of the drugs we used the Sulforhodamine B assay (SRB)
for adhesive cell lines [30],[31]. Cells were plated in 96-wells plates, drugs were added after
24 hr and cells were incubated for another 72 hr. The SRB assay was performed before and
after drug exposure. Briefly, cells were seeded in 100 µl of the cell line specific medium in
triplicate in 96-well flat-bottom plates (Costar, Corning Inc., NY, USA). To ensure exponential
growth, the cells were seeded in different densities depending on their growth rate (WiDr,
Colo320 and H460 cell lines: 5000 cells/well; H630: 10000 cells/well). After 24 hr, 100 µl of
drug containing medium was added to the wells (in concentrations ranging from 10-3 to10-8
M) with or without 10 µM TPI, a concentration that did not cause growth inhibition when
added alone. When TPI was added to the medium, it was present during

the complete

incubation period of 96 hr. Cells were either treated for 72 hr with 5FU, TFT with or without
TPI (long-term exposure), or for 4 hr with these drugs and incubated another 68 hr in fresh
medium (short-term exposure). The Colo320, Colo320TP1 and H460 cells were also treated
for 1 hr with TFT or TFT+TPI and incubated another 71 hr in fresh medium. Colo320TP1 and
H460 were used to determine the effect of TPI in high TP expressing cells exposed to TFT.
After the 72 hr drug exposure period the adhesive cells were fixed with 10% trichloroacetic
acid (TCA) and stained with SRB protein dye. Based on the absorption values (measuring
optical density at 540 nm) IC50 values could be calculated, defined as the drug concentration
that corresponded to an inhibition in cellular growth by 50% compared to the values of
untreated cells [32]. Resistance factors (RFs) were calculated by comparing the IC50 of the
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variant cell line with the IC50 of the parental cell line. Dose modifying factors (DMFs) were
calculated by comparing IC50 (+TPI) with IC50 (-TPI).

Thymidylate synthase in situ inhibition assay (TSIA)
This assay was used to determine whether TFT would affect intracellular TS activity in intact
cells. Inhibition of TS was determined by measuring the TS catalyzed reaction of [5-3H]dUMP to dTMP generating 3H2O [33]. In this assay [5-3H]-2’-deoxycytidine was added to the
medium as precursor for intracellular [5-3H]-dUMP, the TS substrate. The H630 and WiDr
cells (2.5x105 cells/well in Costar 6-well plates in 2 ml medium) were incubated for 24 hr at
37 ºC in a 5% CO2 humidified atmosphere. Thereafter the cells were exposed 24 hr to the
drugs in a range from 10 nM to 4 µM. To each well [5-3H]-2’-deoxycytidine (final
concentration 1 µM, 28.5 Ci/mmol) was added 1 hr before the end of the total incubation
period. A 200 µl sample from the culture medium was taken after the incubation period and
was put in 2 ml Eppendorf tubes on ice. The reaction was stopped by putting the medium on
ice and 200 µl of ice cold 35% TCA was added together with 1 ml 10% (1 hr prestirred)
activated charcoal solution as described for the in vitro TS catalytic activity assay [34]. After
vortexing the samples were left on ice for 30 minutes and centrifuged (800 g, 30 min, 4 ºC)
after which 450 µl of the aqueous supernatants (containing 3H2O) were transferred to liquid
scintillation vials (J.T. Baker, Deventer, The Netherlands) and was counted for radioactivity.
Several drug concentrations were used to allow data to be expressed as TSI50, the drug
concentration needed to inhibit TS by 50% compared to the control TS activity.

Thymidine phosphorylase activity
The TP activity was determined using an assay previously described [22],[35]. In the present
study both TdR and TFT were used as a substrate for TP and enzyme activity was calculated
by their conversion to thymine and TF-thymine, respectively, which were separated by highperformance liquid chromatography (HPLC) analysis [36],[35].

Formation of TFT metabolites and incorporation of TFT into DNA
In order to measure TFT metabolism subconfluent cells were trypsinized and resuspended in
medium to a concentration of 5x106 cells/ml and 250 or 500 µl of this suspension was put in
2 ml Eppendorf incubation vials, as previously described to study 5FU metabolism [37]. The
cells were incubated in a shaking waterbath at 37°C and after 1 hr pre-incubation 25 or 50 µl
[6-3H]-5-trifluoromethyl-2’-deoxyuridine (9.9 Ci/mmol, final concentration 10 µM) was added,
depending on the cell suspension volume, and incubation was continued for 3 hr. The
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reaction was stopped by spinning down the cells (2 min, 3000 g). Blanks were obtained by
adding labeled TFT to cell suspensions just before spinning down, thereafter these samples
were treated identically to the other samples. The supernatants (containing extracellular TFT
metabolites) were collected in separate vials to be analyzed later using thin layer
chromatography (TLC). Cells were resuspended/washed in 100 µl ice-cold saline solution.
After centrifugation (1 min, 11,600 g) cells were resuspended in 45 µl ice-cold saline solution
and 5 µl 5 M HClO4 was added to extract the cells to obtain the DNA and the intracellular
TFT metabolites. After vortexing, the vials were left on ice for 20 min. The denatured
material was spun down using a mini-centrifuge (5 min, 11,600 g) and the acid-soluble
fraction was put into new vials to be neutralized by mixing with 100 µl trioctylamine-Freon
solution (1:4). After centrifugation (2 min, 11,600 g) the supernatants (containing
intracellular TFT metabolites) were collected in separate vials to be analyzed later using TLC.
The acid-insoluble DNA pellets were washed at least 3 times in 100 µl cold saline solution (3
min, 11,600 g) until the solution was cleared from all free tritiated TFT metabolites. The
pellets were dissolved in 200 µl 1 M NaOH and radioactivity was estimated.
To calculate the concentrations of TFT metabolites in cells and the medium, TLC was
used, partially modified from a previously described method [37]. Non-radioactive tracer
containing TFT, TF-thy, TF-TMP, TF-TDP and TF-TTP (5 µl, 2.5 mM each) was spotted onto
PEI-cellulose sheets to permit localization of the radioactive compounds under UV- light.
Thereafter 5 or 10 µl of the obtained supernatants were spotted onto the sheets. After
development with distilled water-ethanol mixture (3:1, v/v) the spots were cut out. TFT and
TF-thy had Rf values of 0.91 and 0.80, respectively, and the phosphorylated TFT compounds
remained at the origin. The spots were eluted with 1 ml 0.1 M HCl and 0.2 M KCl for 1 hr
(while shaking) and counted for activity after addition of 4 ml scintillation fluid.

Statistics
The experiments were analyzed by the Student’s t test. The calculated P-values were
considered significant when <0.05.
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Table 1. Growth inhibition by TFT or 5FU (with or without TPI) for the cancer cell lines and their variants.
4 h r d ru g + 68 h r m e d iu m

72 h r d ru g e x p o su re

DM F
4 hr

C e ll li n e
H 630
H 630 R 1
H 630 R 10
W iD r
W iD r-4P E M
W iD r-c P E M

TFT

TFT+TPI

TFT

TFT+TP I

15.8 ± 2.2

15.3 ± 2.8

0.5 ± 0.1

0.5 ± 0 .1

273.3 ± 115.7

316.7 ± 92.8

4.7 ± 0.9

5.5 ± 1 .0

1.0
1.2

RF

72 h r

1.2

> 500

148.8 ± 8.5

155.0 ± 8.4

-

1.0

29.8 ± 4.5

28.8 ± 1.8

2.0 ± 0.5

3.2 ± 0 .8

1.0

1.6

176.7 ± 31.8

100.0 ± 20.8
186.7 ± 6.7

3.7 ± 0.6
3.3 ± 0.4

3.1 ± 0 .7
2.7 ± 0 .8

1.0
1.1

72 h r

1.0

> 500

101.7 ± 15.9

4 hr

R a tio 4/72 h r

0.8
0.8

W iD r/F

5.3 ± 1. 4

7.7 ± 1.5

0.9 ± 0.3

0.9 ± 0 .1

1.5

1.0

C olo320

15.0 ± 2.8

14.5 ± 1.0

0.5 ± 0.1

0.5 ± 0 .1

1.0

1.0

17.3

a

> 31.6

b

10.4

b

330.6

b

TFT

TFT+TPI

31.6

30.6

58.1

57.6

> 3. 4

> 3.2

14.9

9.0

3.4

a

1.8

27.5

32.3

5.9

a

1.6

53.5

69.1

0.2

a

5.9

8.6

30.0

29.0

b

1.0

42.8

39.2

-

18.7

13.0

5F U

5F U + T P I

C olo320TP 1

25.7 ± 3.0

23.5 ± 2.4

0.6 ± 0.2

0.6 ± 0 .1

0.9

1.0

1.7

H 460

11.2 ± 2.5

7.8 ± 1.0

0.6 ± 0.1 #

0.6 ± 0.03 #

0.7

1.0

-

5F U

5F U + T P I

5F U

5F U + T P I

0.4

a

H 630

24.0 ± 4.0

27.7 ± 1.5

2.4 ± 0.4

3.2 ± 0 .8

1.2

1.3

10.0

8.7

H 630 R 1

72.5 ± 2.0

92.5 ± 6.1

6.0 ± 1.0

6.5 ± 0 .5

1.3

1.1

3.0 a

2.5 a

12.1

14.2

> 1000

> 1000

175.0 ± 10.4

190.0 ± 15.3

-

1.1

> 41.7 b

72.9 b

> 5. 7

> 5.3

12.8

11.9

1.4 a
1.4

1.5
1.0

12.4
17.6

8.7
14.3

H 630 R 10
W iD r

43.6 ± 6.4

41.6 ± 5.3

3.4 ± 0.4

3.5 ± 0 .4

1.0

1.0

W iD r-4P E M
W iD r-c P E M

63.0 ± 6.2
60.0 ± 8.9

52.0 ± 5.6
54.4 ± 7.3

5.1 ± 1.8
3.4 ± 0.2

6.0 ± 3 .0
3.8 ± 0 .6

0.8 a
0.9

1.2
1.1

Growth inhibition was determined as described in Materials and methods. Results are given as mean IC50 values (mM) ± SEM of three to five experiments.
TPI was added to a final concentration of 10 mM, 24 hr before adding 5FU/TFT. The DMF was calculated by IC50 (TFT + TPI)/IC50 (TFT alone). RF =
resistance factor (compared to parentals). Significant differences are given as follows: a p < 0.05, b p < 0.01. c Previously published results [22].
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RESULTS

Growth inhibition
The growth inhibition experiments served several purposes: to determine
whether a high TP activity or a deficient TP (intrinsic or by inhibition) would affect
TFT sensitivity, to determine potentially cross-resistance to 5FU and antifolates and
to determine how TFT would exert its cytotoxicity. The role of TP was investigated by
using high TP expressing cells (Colo320TP1 and H460) and by inhibition of TP by TPI.
In addition, we exposed cells for 72 hr and for shorter periods (4 and 1 hr) with or
without TPI, since we observed that at long-term exposure to TFT its activation
would be optimal and might hardly be affected by degradation. In contrast, at shortterm exposure TFT would not be activated to a large extent and degradation would
decrease the availability of TFT. In Table 1 the IC50 values of the cell lines exposed
to TFT or 5FU (± TPI) are shown respectively. The IC50 values of TFT or 5FU for the
different cell lines varied considerably.
Colo320TP1 and H460 cells with high TP expression are not more sensitive to
TFT in combination with TPI than TFT alone, both at long-term and short-term
exposure (DMF around 1.0). Comparable results were obtained when the cells were
only exposed for 1 hr to TFT followed by a 71 hr incubation period in drug-free
medium (data not shown). Colo320TP1 cells were shown to be less sensitive to TFT
at short exposure compared to the parental cells (RF=1.7, p<0.01). De Bruin et al.
(2003) [22] previously showed that in Colo320TP1 and high TP expressing H460 nonsmall cell lung cancer cells, addition of TPI did reduce 5FU sensitivity after 72 hr
exposure (DMF=14.7 and DMF=4.3; p<0.01).
The 5FU resistant cell lines H630R1 and H630R10 were shown to be crossresistant to TFT both at short and long-term exposure (RF≥10.4). The pemetrexed
resistant cell lines WiDr-4Pem and WiDr-cPem were only cross-resistant to TFT at
short-term exposure (RF=3.4 and RF=5.9 respectively, p<0.05), although far less
compared to the 5FU resistant cells. Remarkably, the pemetrexed resistant cell lines
were not cross-resistant to 5FU both at short and long-term exposure (RF≤1.5).
WiDr/F was more sensitive to TFT compared to WiDr (p<0.05). TPI did not enhance
TFT sensitivity in these cell lines significantly. The values for ratio 4/72 hr were
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higher for TFT than for 5FU, showing that the growth inhibiting effect sustained
longer for cells exposed to 5FU compared to that of TFT.

Thymidylate synthase inhibition
Since TS is a potential target for TFT we investigated whether and to what
extent TFT can inhibit intracellular TS. To determine whether TFT would also be
active in 5FU and antifolate resistant cells we included these cells as well. The H630
and WiDr cells and their variants were incubated for 24 hr with different
concentrations of 5FU and TFT. Table 2 shows that the in situ TS activity can be
inhibited in the resistant variants, but to a far lesser extent than the parental cells.
The TSI50 of the 5FU- and Pem-resistant cells increased significantly when exposed
to either 5FU or TFT. H630R10 and WiDr-cPem are most resistant to TFT (RF=81.4
and RF>250 respectively), probably due to their highly upregulated TS levels
[8],[28].
Table 2. TSI50 values (in nM) for H630 and WiDr cells and their resistant variants when
exposed 24 hr to 5FU or TFT.

Ce ll line

5FU

TFT

Re sista nce Fa ctor #
5FU

TFT

H630

165 ± 56

43 ± 4

H630R1

388 ± 66

100 ± 6

2.4 a

2.3 b

H630R10
W iDr

> 4000
127 ± 19

3500 ± 354
16 ± 3

> 24.2 b

81.4 b

W iDr-4P E M

1867 ± 377

450 ± 81

14.7 b

28.1 b

W iDr-cP E M

3115 ± 176

> 4000

24.5 b

> 250 b

TSI50 means inhibition of TS activity by 50%. Results are Means ± SEM from 3 separate experiments.
# TSI50 variants are compared with TSI50 parentals. Significance: a p<0.05, b p<0.01.

(Trifluoro)thymidine phosphorolysis
To determine thymidine phosphorolysis in Colo320TP1 cells the conversion of
the two substrates thymidine and TFT to thymine and TF-thymine was measured,
respectively (see Figure 3). When the substrates were given alone slightly more TFT
was degraded compared to TdR indicating that TFT is a better substrate. When the
substrates were given in equimolar concentrations about 45% more TFT was
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degraded than TdR (p<0.01). When TPI was added to the cell lysates no (TF)thymine was detected.

Phosphorolysis (nmol/hr/106cells)

200

*

180
160
140

**

120
100
80
60
40
20
0

nd
TdR

TdR+TPI

TdR

TdR+TPI

nd
TFT

TFT

TFT+TPI

TFT+TPI

TdR both

TFT both

TdR + TFT

Figure 3. Phosphorolysis of TdR, TFT or in combination (in a 1:1 equimolar ratio) in
Colo320TP1 cell lysates, measured as thymine or TF-thymine. TPI was added to an end
concentration of 10 µM. Indication significance when TFT is compared to TdR: *p<0.05, **p<0.01.
Error bars are SEM (n=4). nd = nothing detected.

TFT metabolism and incorporation into DNA
Using [3H]-TFT we determined TFT incorporation into DNA and measured the
production of TFT metabolites in WiDr, H630, Colo320 (TP deficient) and the TP
transfected Colo320TP1 cells (Table 3). The accumulation of TFT phosphate
derivatives was about 4 pmol/3hr/106 cells in H630, WiDr and Colo320TP1 and 8.2
pmol/3hr/106 cells in Colo320. TPI increased the accumulation of TFT phosphate
derivatives in Colo320TP1 cells from 3.9 to 7.2 pmol/3hr/106 cells (p<0.05),
comparable to the parental cell line. In the presence of TPI, the formation of TF-thy
in cells containing TP was almost completely inhibited, while no TF-thy was formed in
the Colo320 cells. TFT incorporation into DNA varied between 2.3 and 4.6
pmol/3hr/106 cells. TFT incorporation did not change significantly when 10 µM TPI
was added to the medium.
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Table 3. Metabolism of TFT and its incorporation into DNA.

T FT m etabolism

T FT in DNA
Cell line

TF-Thy/TFT

TFT-MP/D P/TP

in m e dium

pm ol/3h/10 6 ce lls

pm ol/3h/10 6 ce lls

H630
H630 (+TP I)
W iD r
W iD r (+TP I)
Colo320
Colo320 (+TPI)
Colo320TP1

2.3
2.7
3.3
4.6
4.4
4.3
2.9

±
±
±
±
±
±
±

0.5
0.6
0.7
0.8
0.5
0.5
0.5

Colo320TP1 (+TP I)

3.3 ± 0.2

0.5 ± 0.1
nd
0.6 ± 0.1
nd
nd
nd
6.3 ± 1.0
nd

4.2
4.3
4.1
4.7
8.2
6.9
3.9

±
±
±
±
±
±
±

0.3
0.3
0.4
0.3
1.0
0.4
0.3

7.2 ± 0.7

a

TF-Thy total
pm ol/3h/10 6 ce lls

590.8 ± 54.6
14.4 ± 8.4
648.7 ± 78.6
nd
nd
nd
1575.0 ± 54.0
nd

Cells were incubated for 3 hr in the presence of TFT (final concentration 10 µM). Results are given as
Means ± SEM of 3-4 experiments. TF-thy/TFT is the ratio of the metabolites found in the medium after
the 3 hr incubation period. Significant difference with/without TPI is given by a p<0.05. nd = not
detectable.

DISCUSSION
In this paper we demonstrate that cross-resistance to TFT was only observed
in cells resistant to 5FU and Pemetrexed with high TS levels, independent of the
exposure times used. The TP inhibitor TPI completely inhibited TFT phosphorolysis,
leading to increased formation of active TFT metabolites in cells with a very high TP.
In contrast to TS inhibition, incorporation of TFT into DNA seems to be a more ratelimiting step for TFT induced cytotoxicity.
Murakami et al. [19] showed that 5FU resistant DLD-1 colon cancer cells did
not show any cross-resistance for both FdUrd and TFT at long-term exposure,
suggesting that 5FU resistance could be overcome by long-term exposure to TFT.
Surprisingly, cells with no defect in 5FU anabolism such as 5FU resistant H630 cells
were cross-resistant to TFT, but antifolate resistant cells not. In contrast, after short
exposure (4 hr) both 5FU and Pem resistant cells, which have increased levels of TS,
showed cross-resistance to TFT, but the Pem resistant cells were not cross-resistant
to 5FU precluding a defect in 5FU anabolism. These results can be explained due to
the fact that, besides increased TS levels, reduced activity of 5FU anabolizing
enzymes (e.g. decrease in orotate phosphoribosyltransferase or/and thymidine
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kinase activity) can cause resistance to 5FU in the DLD-1 cells [19],[17], but not in
the H630 and WiDr cells.
Despite the presence of cross-resistance to TFT, the in situ TS activity was
inhibited by TFT in these resistant cells with increased TS levels, leading to the
conclusion that TFT is a more potent TS inhibitor than 5FU. Although in WiDr cells
TFT can inhibit the in situ TS activity, TS inhibition does not add to cytotoxicity in
long-term exposure to TFT, therefore cytotoxicity should be related to TFT
incorporation into DNA rather than TS inhibition. In the H630R10 cells TFT seems to
be more TS-directed, since both at short and long exposure these cells are crossresistant to TFT, thereby blocking DNA synthesis stronger. There is a change in the
mechanism of TFT cytotoxicity depending on exposure time, with incorporation into
DNA being more important at longer exposure.
These data and previous data in FM3A cells [38] demonstrate that the
conversion of TFT by TK to its active form is essential, and because it only involves
one activation step, TFT exerts cytotoxicity within a few hours, in contrast to 5FU,
which requires more conversion steps. Probably a low concentration of TFT is enough
to induce dTTP depletion and is not influenced by degradation by TP [39]. It was
shown that TS only remains inhibited when a constant influx of TFT is present; when
TFT is removed TS activity recovers quickly [38].
The data in this report showed that TPI could block TP very effectively. We
expected this would be associated with an increased cytotoxicity to TFT, especially
because enzyme data suggested that TFT is even a better substrate for TP than TdR.
It has also been shown that TdR levels may rescue the growth inhibiting effect of
TFT, because inhibition of both TFT and TdR biotransformation by TPI can lead to an
increase of intracellular TdR [40]. Apparently, in cell culture, degradation occurs, but
TFT activation to TF-TMP is very rapid and efficient and can continue during
continuous TFT exposure. This due to the fact that TFT has a high affinity (low µM
Km) for TK, which in general has a low activity in cells; in addition the Km for
substrates of TP is much higher, but the activity of TP is also much higher. This
means that the Vm/Km ratio is more in favor for TK than TP. Thus, TFT will be
maximally activated by TK so that it might not be influenced by degradation by TP. It
was expected that at short exposure TFT would not be activated to a large extent
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and degradation would decrease the availability of TFT. However, our data
demonstrate that TPI only affects TFT cytotoxicity at very short exposure in cells with
very high TP, Colo320TP1 and H460, but not in the other cell lines.
TFT alone is activated rapidly in tumor cell lines, possibly due to an efficient
phosphorylation, since the affinity of some TdR analogs for TK is higher than for TP
[41],[42]. It is also possible that TFT has more affinity for TK than TdR. Higher TK
affinity and/or conversion rate will cause a rapid activation of TFT to exert its
cytotoxicity in cells. This high rate, as shown in the data obtained with intact cells,
explains that TP inhibition does not have an in vitro effect anymore, both at short
and long-term exposure. Therefore TFT incorporation into DNA did not increase
significantly when TPI was added to the medium and the accumulation of TFT
phosphate derivatives in the cells was only increased in the Colo320TP1 cells
expressing high TP.
A high TP expression has been shown to correlate with a poor prognosis in
colorectal cancer patients [36],[43]. In vivo it has been shown that TPI enhanced the
bioavailability of TFT due to prevention of degradation by liver cells (high TP)
[23],[25]. Thus, in vivo, TPI is required in the TAS-102 combination, since otherwise
TFT does not exert any antitumor activity. This is in contrast to the in vitro data. Our

in vitro data also show that the mode of cytotoxicity exerted by TFT is dependent on
exposure time and that a longer exposure can bypass resistance due to increased TS
expression. Therefore this time-dependent pharmacologic effect of TFT should be
translated in repeated administration of TAS-102 which will be the most optimal
schedule, because it will lead to a prolonged exposure to TFT similar to in cell lines
[44]. Since TFT acts both by inhibition of TS and incorporation into DNA, this opens
various possibilities for potential combination studies.
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ABSTRACT
Trifluorothymidine (TFT) can be phosphorylated by thymidine kinase (TK) to
TF-TMP which can inhibit thymidylate synthase (TS), resulting in depletion of
thymidine nucleotides. TFT can be degraded by thymidine phosphorylase (TP) which
can be inhibited by thymidine phosphorylase inhibitor (TPI). Using the TS in situ
Inhibition Assay (TSIA) FM3A breast cancer cells were exposed 4 hr or 24 hr to TFT
and 5-Fluorouracil (5FU). TS activity reduced to 9% (0.1 µM TFT) and 58% (1 µM
5FU) after 4 hr exposure and to 6% (TFT) and 21% (5FU) after 24 hr exposure. TPI
did not affect TS inhibition by TFT. FM3A cells lacking TK or TS activity (FM3A/TK-)
were far less sensitive to TFT compared to FM3A cells. Conclusion: TFT can be taken
up and activated very rapidly by FM3A cancer cells, probably due to favourable TK
enzyme properties, and TPI did not influence this.

INTRODUCTION
The very potent anticancer agent trifluorothymidine (TFT) can inhibit TS via
the metabolite TF-TMP. In contrast to 5FU, TFT only needs one conversion step to
become a potent TS inhibitor [1]. The degradation of TFT to trifluorothymine (TFThy) by TP can be prevented by TPI. TPI was originally synthesized to increase TFT
cytotoxicity in cancer cells [2]. Therefore we questioned whether TPI could increase
TS inhibition by TF-TMP in intact cancer cells. TS inhibition by TF-TMP was compared
with that of FdUMP, the metabolite derived from 5FU.

MATERIALS & METHODS
To evaluate intracellular TS inhibition we used the TS in situ Inhibition Assay (TSIA) [3]. For
the TSIA assay tritiated deoxycytidine was used, which after cellular uptake can be converted
to dCMP and subsequently to tritiated dUMP, the substrate for TS. TS converts tritiated dUMP
to dTMP thereby releasing tritiated water, which can be measured. We measured TS activity
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in intact FM3A mouse mammary cancer cells and its TK deficient variant FM3A/TK- [4].
These cells were cultured in RPMI medium supplemented with 10% fetal calf serum. TSIA
was evaluated after exposure of the cells to 1 µM 5FU or 0.1 µM TFT (± 10 µM TPI, 5chloro-6-(2-iminopyrrolidin-1-yl)methyl-2,4(1H,3H)-pyrimidine dio ne hydrochloride) for
either 4 hr, 24 hr or 4 hr followed by a 20 hr incubation in drug-free medium (DFM). The
concentrations of 5FU and TFT used were chosen because these concentrations caused cell
growth inhibition of about 50%. This growth inhibition was determined using the MTT (3[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay [5]. Growth inhibition was
also determined in FM3A/TS- cells, a TS deficient variant requiring 20 µM thymidine to
survive.

Table 1. Effect of 5FU and TFT (± TPI) on growth inhibition in FM3A, FM3A/TKand FM3A/TS- cells (IC50 values, µM).

Cell line
Drug
5FU
TFT
TFT + 10 µM TPI

FM3A

FM3A/TK-

FM3A/TS-

0.1 ± 0.1
0.2 ± 0.1
0.2 ± 0.04

0.3 ± 0.1
79 ± 20*
79 ± 16*

0.5 ± 0.1
246 ± 75*
245 ± 75*

Values are expressed as means of 3-4 separate experiments ± SEM. Significance when
compared to parentals: * p<0.01. TPI was added during whole 72 hr incubation period.

RESULTS
Cytotoxicity of 5FU and TFT in the FM3A variants varied considerably (Table
1). The FM3A/TK- and FM3A/TS- variants were far less sensitive to TFT than the
parental cells, in contrast to 5FU, where no significant differences were found
between the cell lines. Addition of 10 µM TPI did not change cytotoxicity to TFT in
these cell lines.
The effects of 5FU and TFT (with or without TPI) on intracellular TS inhibition
was compared in FM3A cancer cells with intact or deficient TK when exposed for 4 hr
or 24 hr (see Table 2). TS was strongly inhibited in FM3A cells after 4 hr when
compared to controls. TS activity was reduced to 9% and 58% after exposure to TFT
or 5FU, respectively. After 24 hr exposure TS activity was almost completely inhibited
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by TFT (6%), in contrast to 5FU (21%). In FM3A/TK- cells 5FU could inhibit TS,
although less compared to FM3A cells. TFT hardly affected TS activity in FM3A/TKcells. TS activity was not affected when 10 µM TPI was added to the medium. Table
2 also shows that TS activity recovers rapidly in FM3A cells after 4 hr exposure to
TFT (back to 74%), but not when exposed to 5FU. Naturally, TSIA could not be
evaluated for FM3A/TS-.
Table 2. Effect of 5FU and TFT (± TPI) on the inhibition of TS in FM3A and FM3A/TK- cells
using the TSIA.

Drug exposure period
Cell line

Drug
Controls
1 µM 5FU
1 µM 5FU
0.1 µM TFT
0.1 µM TFT
0.1 µM TFT + 10 µM TPI
0.1 µM TFT + 10 µM TPI

FM3A
FM3A/TKFM3A
FM3A/TKFM3A
FM3A/TK-

4 hr

4 hr + 20 hr DFM

24 hr

100
58 ± 8
80 ± 6
9±2
85 ± 3
6±3
84 ± 5

100
48 ± 13
83 ± 3
74 ± 4
99 ± 5
75 ± 4
91 ± 2

100
21 ± 5
67 ± 6
6±5
95 ± 7
19 ± 7
92 ± 8

Values are % of untreated control cells and are expressed as means of at least 3 separate
experiments ± SEM.

DISCUSSION
In this paper we demonstrate that TFT can inhibit TS rapidly and effectively
and that its activation is dependent on TK. Presumably TF-TMP is the active
metabolite of TFT, which inhibits TS directly [6]. In addition, TF-TMP can be further
phosphorylated to its triphosphate form to be incorporated into DNA. TS inhibition by
TF-TMP was shown to be dependent on TK activity, and in contrast to 5FU, it only
needs one conversion step to become active.
5FU is also active in FM3A/TK- cells indicating that its activation is not
dependent on the TP/TK pathway. Its activity against the FM3A/TS- cells indicates
that in this cell line 5FU acts via incorporation into RNA, also because the FM3A/TScells are grown in medium containing thymidine.
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The results show that already within 4 hr TFT reduced TS activity to below 10% and
that TP inhibition by TPI did not affect this. Probably a low concentration of TFT is
required to induce dTTP depletion and is not influenced by degradation by TP.
Possibly TFT is a preferential substrate for TK rather than TP, because at low
concentration (0.1 µM) the Km acts in favour of TK.
Also after 24 hr exposure TS was still inhibited to below 10% indicating that
the constant influx of TFT was not decreased. It is possible that TS inhibition by TFTMP is tumor-specific, because tumor cells resistant to nucleoside analogs may have
elevated TS levels [1]. The retention of TS inhibition in cells exposed 4 hr to 5FU
followed by 20 hr DFM demonstrates that the complex between FdUMP-TS-folate is
very stable in these cells, in contrast to the complex TF-TMP-TS since culturing in
DFM restores TS activity. TS inhibition by TFT via TF-TMP seems very rapid but
requires a continuous exposure. Future studies should attempt to characterize the
contribution of all TFT-metabolizing enzymes involved and to investigate this in
tumor cells of different tissue origin.
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ABSTRACT
The Hollow Fiber Assay (HFA) is usually applied as an early in vivo model for
anti-cancer drug screening, but is potentially an excellent model for short-term in vivo
pharmacodynamic studies. We used the model to study the in vivo role of thymidine
phosphorylase/platelet-derived endothelial cell growth factor (TP/PD-ECGF) in the
cytotoxicity and pharmacodynamics of TAS-102 in colon cancer cells. TAS-102 is a new
oral drug formulation, which is composed of trifluorothymidine (TFT) and thymidine
phosphorylase inhibitor (TPI), which prevents TFT degradation. We compared the
activity with Xeloda (capecitabine), which is activated by TP into 5FU.
Hollow fibers filled with human Colo320 or Colo320TP1 colorectal cancer cells
with deficient or high TP expression, respectively, were implanted subcutaneously (s.c.)
at both flanks of BALB/c mice. The mice were treated orally over 5 days with TAS-102,
TFT alone, 5'DFUR +/- TPI or capecitabine at their maximum tolerated dose (MTD).
The cells were retrieved from the fibers and assayed for growth (MTT assay), cell cycle
distribution (flow cytometry) and apoptosis induction (FragEL method).
TAS-102 induced considerable growth inhibition (50%, p<0.01) to both cell
lines, which was completely abolished in the absence of TPI. Capecitabine and its
metabolite 5'DFUR reduced proliferation of Colo320TP1 cells in the fibers significantly
(down to 25-40%), but much less in Colo320 cells, while addition of TPI reduced the
effect of 5'DFUR, although not completely. These differences in cytotoxic effects were
reflected in the pharmacodynamic evaluation. TAS-102 induced a G2M-phase arrest
(from 25 to 40%) and apoptosis (>8-fold), which was more pronounced in Colo320
than in Colo320TP1. Again, omission of TPI neutralized the effect of TAS-102. Similarly,
5'DFUR and capecitabine induced a significant G2M-phase arrest (up to 45%) in the
Colo320TP1 cell line, but less pronounced in the parental Colo320. Addition of TPI to
5'DFUR reduced this effect to control levels. Also induction of apoptosis was reduced in
the presence of TPI.
The data demonstrated that the HFA is excellently suited for studying short-term
pharmacodynamic effects of fluoropyrimidines in vivo. TAS-102 is only effective in
inducing cytotoxicity when systemic TPI is present, but acts against both low and high
TP expressing colon cancer cells, while 5'DFUR needs cellular TP to exert any activity.
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INTRODUCTION
Several preclinical in vitro and in vivo tumor models are being used for the
screening of potential anti-cancer agents. Currently, the primary focus of the National
Cancer Institute (NCI) is on the 60-tumor cell line panel. This system is based on
selection of cell lines from major disease types [1] in which the nonclonogenic
microculture tetrazolium (MTT) assay or sulforhodamine B (SRB) assay were selected
to determine cytotoxicity of the tumor cells [2],[3],[4]. When positive (e.g. a unique
profile in the COMPARE program), the compounds are subjected to a secondary
screening with several tumor xenograft models, the Hollow Fiber Assay (HFA)
[5],[6],[7], the human tumor stem cell (HTSC) assay [8],[9], and other screening
model systems including various types of clonogenic assays [10],[11]. In most in vivo
models and multi-cellular in vitro models mechanistic studies are not included,
because they are cumbersome, while in vivo reproducible retrieval of the tumors is
often a limitation. However, it is evident that in vivo models and multi-cellular
systems are closer to a clinical situation than in vitro models [5].
The in vivo HFA animal model [12],[13], optimized by Hollingshead et al.
(1995) [7], uses semi-permeable biocompatible fibers that are filled with cancer cells,
heat-sealed and implanted surgically (s.c. or i.p.) in mice or rats, which can be
treated with chemotherapeutics. Many different cell lines from different tissue origins
and cellular characteristics can be encapsulated within the fibers, providing a costeffective screening method. Most active agents screened positive in a in vitro multicell line screening assay or indicated xenograft-positive will not be bypassed in the
HFA [12],[14],[6]. In the HFA cytotoxicity is determined using a modified MTT assay,
taken into account the in vivo parameters, such as pharmacokinetics and drug
transport/pH/pO2 at tumor site [15],[16]. Additionally, several pharmacodynamic end
points can also be investigated, such as DNA damage induction, apoptosis or cell
cycle analysis [17],[18],[19]. This methodology also saves time (assay<2 weeks) and
the number of animals used in the experiments.
The novel antitumor drug formulation TAS-102 [20],[21],[22] combines the
cytotoxic agent 5-trifluoro-2’-deoxythymidine (TFT) with an inhibitor of the
angiogenic thymidine phosphorylase/platelet-derived endothelial cell growth factor
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(TP/PD-ECGF) [23],[24]. TFT inhibits thymidylate synthase (TS) and is incorporated
into the DNA [25],[26],[27]. The inhibitor TPI is able to inhibit angiogenesis and
metastasis by itself [28],[29],[30]. It was previously shown in vivo that TPI in a ratio
of 1:0.5 (TFT/TPI) was required to exert an in vivo activity [20],[21]. However, in

vitro TPI did not enhance the effect of TFT, also not in TP overexpressing cancer
cells [25],[31]. TAS-102 is currently undergoing clinical trials as an oral combination
drug given in different schedules. In contrast to TAS-102, capecitabine (Xeloda)
requires TP to be activated to the active metabolite 5-fluorouracil (5FU). TP catalyzes
the last activation step from the metabolite 5'DFUR to 5FU. 5'DFUR acts similar to
5FU by inhibition of TS and incorporation into RNA and DNA, although its activation
pathway may affect its final mechanisms of action [32],[33],[34]. Capecitabine is
currently widely used as an oral 5FU prodrug in the treatment of colorectal cancer
[35],[36].
Because of the discrepancies between early in vivo work on TAS-102 and the

in vitro data, we choose the HFA to dissect the role of TP in the in vivo antitumor
activity of TAS-102. For this purpose we used a colon cancer cell line deficient in TP
(Colo320) and its TP-transfected variant Colo320TP1. Since this cell line was 1000fold more sensitive to 5'DFUR, we included 5'DFUR and its prodrug capecitabine as
control compounds known to require TP for activation. TPI was included in the
therapy experiment, in which not only growth inhibition, but also induction of cell
cycle delay and apoptosis were investigated.

MATERIALS & METHODS
Materials
Dulbecco's Modified Eagle's Medium (DMEM) and Hepes buffer were purchased from
Cambrex BioScience (Verviers, Belgium) and fetal bovine serum (FBS) from Greiner Bio-One
(Frickenhausen, Germany). TFT and TPI were synthesized and provided by Taiho
Pharmaceuticals Co. (Tokushima, Japan). Capecitabine and 5'DFUR were provided by Roche
Pharmaceuticals. 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) and
propidium iodide (PI) were purchased from Sigma-Aldrich Chemicals (Zwijndrecht, The
Netherlands). Bovine serum albumin (BSA) was obtained from Merck (Darmstadt, Germany).
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The biocompatible modified polyvinylidene difluoride (mPVDF) hollow fibers (CellMax®
Implant Membranes) with a Mr 500 kDa cutoff and 1.0 mm inner diameter were purchased
from Spectrum Laboratories Inc. (Breda, The Netherlands). All other chemicals were of
analytical grade and commercially available.

Cell culture
The adherent Mycoplasma-free human colorectal cancer cell lines Colo320 (ATCC Nr: CCL220) and Colo320TP1 were used for the experiments discussed in this paper. Colo320TP1 is
a stable TP transfectant derived from Colo320 (low TP) and has increased expression of TP
[31]. Cells were grown in DMEM culture medium supplemented with 20 mM Hepes buffer
and 10% heat-inactivated FBS (without antibiotics) and incubated at 37ºC in a 5% CO2
humidified atmosphere. The cell lines have comparable growth rates with a doubling time of
about 23 hr.

Preparation and in vivo implantation of the hollow fibers
The hollow fiber procedures were based on those of Hollingshead et al. [7]. For the HFA
immunocompetent host animals were used to test the human cancer cell lines, which were
well tolerated, as was observed with various human cell lines in initial experiments. We did
not observe any evidence of an immune reaction in the period that the fibers were present in
the mice. Therefore we proceeded with both Colo320 variants in immunocompetent BALB/c
mice.
Before fiber implantation into the animals, we performed in vitro and in vivo
experiments for optimization of growth of Colo320 and Colo320TP1 cells in the fibers to
determine the linearity in growth. The optimal cell suspension loading density was 0.5-1 x
106 cells/ml. The cells were harvested by a standard trypsinization procedure and
resuspended at the desired cell density (7.5 x 105 cells/ml). The cell suspension was flushed
into the hollow fibers, whereafter they were heat-sealed and cut at 2 cm intervals. The fibers
were incubated in DMEM medium in 6-well plates 24 hr prior to surgical implantation in
immunocompetent 6-8 weeks old female pure strain BALB/c mice (Harlan, Horst, The
Netherlands). Three fibers per cell line were implanted subcutaneously with Colo320 at one
flank and Colo320TP1 at the other flank of the mice. This ensured that both cell lines would
undergo the same exposure reducing interindividual variation. The mice were anesthesized
by isoflurane inhalation (day 0), and the incisions were closed using a stapling device.
Separate in vitro control fibers were also prepared, and were incubated in DMEM medium
during the experiment (10 days).
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Drug administration and retrieval of the cancer cells from the hollow fibers
The animals were kept in cages in an air-conditioned room with alternating cycles of light
and dark and had access to food and autoclaved water ad libitum. The protocol was
approved by the local Animal Ethical Committee in accordance with the UKCCR guidelines.
The mice were treated on day 3 with the different fluoropyrimidines at their MTD by oral
administration. We used 30 mice divided into 6 experimental groups: 1) control (saline); 2)
TAS-102 (150 mg/kg, q1dx5, based on TFT dose); 3) TFT (150 mg/kg, q1dx5); 4) 5'DFUR
(400 mg/kg, on d1 & d5) + TPI (75 mg/kg, q1dx5); 5) 5'DFUR (400 mg/kg, on d1 & d5); 6)
capecitabine (539 mg/kg, q1dx5). The mice were sacrificed by CO2 inhalation at day 10 and
the fibers were excised from the mice. Excess host tissue was removed and the fibers were
transferred into pre-warmed DMEM medium and incubated for at least 1 hr, whereafter the
cells were retrieved from the (in vitro control) fibers for pharmacodynamic analysis. Per
experimental group at least 2 fibers (bearing either Colo320 or Colo320TP1 cells) per animal
(up to a maximum of 6 fibers) were used for assaying growth, cell cycle distribution or
apoptosis induction. So in each mouse 3 different parameters could be assessed.

Assessment of cytotoxicity
The 'stable end point' modified MTT assay [37],[4] was used to determine cytotoxicity of the
cancer cells to the fluoropyrimidine drugs after isolation of the fibers. The samples were
stained and rinsed as described by the manufacturer. Briefly, the fibers were placed into 3 ml
of fresh, pre-warmed DMEM medium in 6-well plates and allowed to equilibrate for 30 min at
37°C. 1.5 ml of pre-warmed DMEM containing 1 mg MTT/ml was added to each well. After a
4 hr incubation at 37°C in a 5% CO2 humidified atmosphere the culture medium was
aspirated and the fibers were washed with normal saline containing 2.5% protamine sulfate
(w/v). The fibers were stored O/N at 4°C. The solution was aspirated and the samples were
washed again for an additional 4 hr at 4°C. Each fiber was wiped with a gauze to remove
stained debris on the outside of the fiber, and transferred to 24-well plates (1 fiber/well).
The fibers were cut in half and allowed to dry O/N at RT. The produced formazan crystals
were dissolved in dimethylsulfoxide (DMSO; 250 µl/well) and incubated for 4 hr at RT on a
rotating platform while protected from the light. Aliquots of 150 µl of extracted solution were
transferred to individual wells in 96-well plates. Absorbance (OD) was measured at 550 nm
using a spectrophotometer (Spectra Fluor, Tecan, Salzburg, Austria). Net cell growth was
calculated using the formula [(mean ODd10 - mean ODd0)/(mean ODd0)] x 100%.
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Flow cytometry analysis
The cancer cells were retrieved from the fibers and prepared for gated flow cytometric
analysis to measure cell cycle distribution of the cell population, as previously described [38].
Briefly, the cells were washed with saline/1% BSA solution and fixed with 70% ethanol (30
min on ice). After centrifugation, the pellet was resuspended in 400 µl hypotonic PI solution
(0.5 mg/ml RNase, 50 µg/ml PI, 1 mg/ml sodium citrate, 1 µl/ml Triton X-100 in saline) and
incubated on ice (in the dark) for at least 15 min. Thereafter, the percentage of cells in the
different cell cycle phases (G1, S, G2M) was measured using a FACScan Flow Cytometer
(Becton Dickinson Immunocytometry Systems, San Jose, CA, USA). For each measurement
25,000 cells were counted and each sample was assayed in duplicate. For calculation of the
cell cycle distribution the Becton Dickinson's CellQuest software was used. The total number
of cells in these fractions was set at 100%.

Apoptosis analysis
The terminal deoxynucleotidyl transferase (TdT)-mediated dNTP labeling method was used
for the detection of cells undergoing apoptosis (see also [39]). We used the TdT-DNAFragment End Labeling Kit (FragELTM; Calbiochem, Oncogene Research Products, Cambridge,
MA, USA). In this method TdT binds to exposed 3'-OH ends of DNA fragments generated in
apoptotic cells in order to add biotin-(un)labeled dNTPs, which are detected using a
streptavidin-horseradish peroxidase conjugate. The staining of the cells was performed
according to the manufacturer’s recommended procedure. Cells stained positive with 3’-3'diaminobenzidine (DAB) produce a brownish color, whereas non-reactive cells were
counterstained with methylgreen. Actinomycin D treated HL60 cells were included in the kit
and served as positive controls whereas negative controls were untreated cells grown in
tissue culture flasks. Using light microscopy, 1,000 cells were counted twice for
positive/negative staining on randomly selected areas on the glass slide. The Apoptosis
Enrichment Factor was calculated as [(%) positive staining cells treated]/[(%) positive
staining cells control]. Cells were defined as apoptotic when the (major part of) nuclear area
was percentage-wise DAB-labeled.

Statistics
The (un)paired Student's t-test was used for statistical evaluation of the results. Changes
were considered to be significant when p<0.05.
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RESULTS
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Figure 1. Growth inhibition of Colo320 and Colo320TP1 cells in the hollow fibers
implanted s.c. in mice. The mice were treated with the fluoropyrimidines as described in Materials
and Methods. 4-5 fibers per cell line implanted in different mice were assayed. Values are Means ±
SE. In vitro control: fibers were incubated in DMEM culture medium. Compared to in vivo fiber control:
* p<0.05; to Colo320: # p<0.05.

Evaluation of Hollow Fiber Model
The hollow fibers were quite well tolerated by the immunocompetent mice. The
chemotherapeutic treatments did not affect the conditions of the mice beyond
acceptable limits. The average body weight loss of the mice on day 10 was not more
than 11% compared to the start of the treatment (day 3). We observed blood vessel
formation around the implanted fibers after retrieval from the animals, and
macroscopically a slight reduction in blood vessel formation was detected in the TPI
treated animals, although not significantly. The anti-angiogenic TPI is able to suppress
angiogenesis in cells transfected with TP [30].
After the treatment period cytotoxicity was assessed using the 'stable end point'
modified MTT assay. Compared to the control fibers, TAS-102 treatment produced a
significant reduction in net growth of about 50% for both Colo320 and Colo320TP1
(p<0.01) (Figure 1). Omission of TPI from the TAS-102 formulation completely
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abolished the antitumor effect of TAS-102; TFT alone was ineffective, underlining the
importance of systemic inhibition of TP to increase bioavailability of TFT. The animals
were also treated with capecitabine and its intermediate 5'DFUR to demonstrate the
essential role of the presence of sufficient cellular TP activity, and to differentiate
between the systemic and cellular effect of TPI. Both drugs were less active in Colo320
cells compared to Colo320TP1 cells (p<0.01), and addition of TPI completely abolished
the activity of 5'DFUR in Colo320 cells.

Cell cycle phase distribution
From all experimental groups cell suspensions were retrieved from fibers of
different animals to be assayed for cell cycle phase distribution (Figure 2).
Representative DNA histograms are depicted in Figure 3. The cell cycle distribution in
the in vivo control fibers was not significantly different from the in vitro control fibers,
although a tendency for increased G2M-phase was found. In all drug-treated animals
the S-phase population hardly changed compared to the in vivo control fibers. In
contrast, TAS-102 treatment resulted in a clear G2M-phase arrest for both cell lines
(p<0.05). However, omission of TPI from the TAS-102 formulation completely
neutralized this effect. Treatment of animals with 5'DFUR or capecitabine alone resulted
in Colo320TP1 a strong decrease of G1-population and increased G2M-population
(p<0.05). Capecitabine treatment also resulted in a G2M-phase arrest in Colo320 cells,
but less than in Colo320TP1 cells. TPI treatment prevented the induction of G2M-phase
arrest in Colo320TP1 cells. These data all underline the importance of cellular activation
of 5'DFUR.
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Figure 2. Cell cycle distribution for Colo320 and Colo320TP1 after retrieval from the hollow
fibers. Per cell line 3-5 fibers from different mice were assayed using flow cytometry analysis. Values are
Means (%) ± SEM. Total viable cell population was set at 100%. In vitro control: fibers were incubated in
DMEM culture medium. (%) G2M compared to in vivo fiber control: * p<0.05; to Colo320: # p<0.05.

Induction of apoptosis
Retrieval of the cells from the implanted fibers enabled to evaluate apoptosis
induction (Figure 4). The fibers retrieved from the control animals contained on average
less than 3% apoptotic cells. TAS-102 treatment induced apoptosis 8 to 10-fold
(p<0.05) both in Colo320TP1 and Colo320. However, omission of TPI reduced the
apoptosis induction by TFT almost to control levels. Capecitabine treatment resulted in
the highest extent of apoptosis in Colo320TP1 cells, which was significantly reduced in
the low TP-expressing Colo320 cells (p=0.02). Treatment with 5'DFUR caused a
moderate apoptosis induction (about 4-fold), which was reduced by co-treatment with
TPI.
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Control
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Figure 3. Representative DNA histograms to determine cell cycle distribution. The mice were
treated with the fluoropyrimidines as described in Materials and Methods. After retrieval, the fibers were
assayed to measure the percentage of nonapoptotic Colo320TP1 cells in the G1-, S- and G2M phases. A
clear G2M-arrest was observed for mice treated with TAS-102, 5’DFUR or capecitabine.

Apoptosis Enrichment Factor

20

#

Colo320TP1

Colo320

*

18
16
14

*

12
10

*

*

8
6

*
*

4
2
0

In

o
vi v

c

t
on

ro

l
TA

S

0
-1

2

T
TF
5’

U
DF

R

P
+T

I
5’

D

FU

R

C

e
ap

c

b
i ta

in

e

Drug treatment
Figure 4. Induction of apoptosis in Colo320 and Colo320TP1 cells grown in hollow fibers. Per
cell line 3-5 fibers from different mice were assayed for apoptosis. Values are Means ± SEM and were
expressed as (%) apoptosis treated / (%) apoptosis control (was set at 1). Compared to fiber control: *
p<0.05; to Colo320: # p<0.05.
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DISCUSSION
This paper shows that the HFA can be used conveniently to demonstrate the
importance of TP in the activity or resistance to various oral fluoropyrimidine
formulations. The TAS-102 formulation, consisting of TFT and TPI, was inactive
without TPI administration. However, in in vitro studies the presence of TPI did not
enhance the activity of TFT, underlining the importance of suitable in vivo systems to
investigate this formulation. The intermediate of capecitabine, 5'DFUR, was inactive
in cells with low TP expression.
The HFA is currently used by the NCI in the US for secondary drug screening
and saves time and labor compared to the classical tumor implantation experiments.
Recently, several papers have been published demonstrating that the HFA is also
suited for short-term in vivo pharmacodynamic studies [5],[18],[17],[19], thereby
using immunocompetent mice for the growth of human cells, without problems such
as infiltrating immune cells in this period. Our results showed that the HFA is
excellently suitable for studying several pharmacodynamic end points in cancer cells
when treated in vivo with fluoropyrimidines.
The advantage of the HFA for our studies was the possibility to investigate the

in vivo role of TPI in the formulation TAS-102. In previous in vitro studies we did not
observe an advantage of TPI in a combination with TFT, even not in cancer cells with
high TP expression [25],[31]. This was despite previous observations that TPI was
essential to observe an antitumor effect of TFT [21],[28], by increasing the
bioavailability of TFT [20]. TFT has been evaluated in early clinical trials as a single
agent [40], but proved to be ineffective in colorectal cancer patients, probably
because of its rapid and extensive degradation by TP and subsequent elimination
from the body. TAS-102 was developed to bypass these limitations, while it is also
active in 5FU-resistant tumors [41],[26]. The presence of TPI has the additional
advantage that it induces an anti-angiogenic effect [30]. Currently, three phase I
trials are being performed with TAS-102, but no efficacy data are available.
In contrast to in vitro studies, but similar to the early clinical studies [40], TFT
alone was highly ineffective, even against Colo320, which has a very low TP
expression and is very sensitive to the drug in vitro. TFT apparently does not reach
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the cancer cells in order to exert any activity. However, TPI significantly improved
TFT mediated cytotoxicity to both low TP expressing Colo320 and even the high TP
expressing Colo320TP1 cells. Flow cytometric analysis showed that TAS-102
treatment induced a G2M-phase arrest in the cell populations, and induced apoptosis
in the p53 mutated Colo320 cells, probably as a result of the induced cell cycle delay.
Matsushita et al. [30] previously showed that treatment with TPI alone can increase
apoptosis induction in tumors of the high TP expressing human KB epidermoid
carcinoma. However, the main action of TPI seemed to consist of the increase in the
bioavailability in the hollow fibers, enabling to activate TFT similarly in Colo320 and
Colo320TP1 cells, because these two cell lines showed similar cell cycle disturbances
and apoptosis. In addition, TPI can also increase TdR concentrations in plasma [42],
which can prevent breakdown of TFT, because TdR can compete with TFT in TPmediated phosphorolysis. In vitro we did not find evidence that this TdR
accumulation would negatively affect TFT-induced cytotoxicity.
As a positive control to differentiate between the in vivo systemic and cellular
role of TP in the activity of fluoropyrimidines, we investigated the effect of
capecitabine and its intermediate 5'DFUR. Both drugs were less effective in the wildtype Colo320, which was accompanied by less pronounced cell cycle effects and
apoptosis. However, both 5'DFUR and capecitabine showed activity in the TP
deficient Colo320, which is not in line with the large difference found in vitro
[25],[31]. The partial protection by TPI of 5'DFUR's cytotoxicity against Colo320
demonstrates that 5'DFUR is systemically converted to 5FU, contradicting a selective
cellular specificity of 5'DFUR. Although TPI protected the cells from 5'DFUR, this was
only partial as can clearly be seen from the apoptotic effect. This demonstrated that
5'DFUR activation is not only dependent on TP, as anticipated [43], but also that
another phosphorylase, presumably uridine phosphorylase, plays a role. In contrast,
a high TP expression might theoretically inactivate TFT, but this does not seem to
happen. In vitro TFT is cytotoxic against high TP expressing cells, and here we show
that TAS-102 is also equally active against high and low TP expressing cells. This
means that for in vivo and clinical application high TP levels in the tumor are not
necessarily a negative parameter, while TAS-102 is active against low TP expressing
cells, in contrast to 5'DFUR, which needs high TP for selectivity.
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An additional advantage of TAS-102 will be the potential anti-angiogenic effect
of TPI. Phillips et al. [44] reported that efficiency of drug delivery and the
subsequent effects on chemosensitivity of the encapsulated tumor cells in the hollow
fiber can be enhanced due to increased angiogenesis. After at least 6-days, the mice
carrying hollow fibers s.c. may develop extensive vascular networks. For long-term
angiogenesis studies the post-implantation time must be extended to determine the
effect of a potentially anti-angiogenic treatment. Regarding these studies it may be
interesting to investigate TAS-102 with respect to inhibition of blood vessel formation
in tumors since TPI also inhibits PD-ECGF, which is considered to be pro-angiogenic
[45]. We observed after 10-days treatment with TAS-102 that TPI acts as an antiangiogenic compound (as previously shown [20],[30]) and is likely to be related to
the suppression of metastasis [46],[29]. With respect to these findings it will be
interesting to combine TAS-102 with other agents that counteract blood vessel
formation such as bevacizumab, which targets the pro-angiogenic VEGF. Another
possibility is to combine TAS-102 with other novel agents in the future, such as the
EGFR-targeting cetuximab or erlotinib.
In conclusion, TAS-102 was effective in the HFA, which was not only shown by a
clear cytotoxicity, but also by the change in several pharmacodynamic end points in

vivo, such as cell cycle distribution and apoptosis. These parameters could be studied
conveniently in vivo, and provide an excellent basis to study the antitumor activity of
potential TAS-102 applications using the HFA, such as in combination with targeted
agents.
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ABSTRACT
Thymidine phosphorylase (TP) and uridine phosphorylase (UP) are often
upregulated

in

solid

tumors

and

catalyze

the

phosphorolysis

of

natural

(deoxy)nucleosides and a wide variety of fluorinated pyrimidine nucleosides. Because
the relative contribution of each of the two enzymes to these reactions is still largely
unknown, we investigated the substrate specificity of TP and UP in colon cancer cells
for the (fluoro)pyrimidine nucleosides thymidine (TdR), uridine (Urd), 5'-deoxy-5fluorouridine (5'DFUR), and 5FU. Specific inhibitors of TP (TPI) and UP (BAU) were
used to determine the contribution of each enzyme in relation to their cytotoxic
effect.
The high TP expressing Colo320TP1 cells were most sensitive to 5'DFUR and
5FU, with IC50 values of 1.4 and 0.2 µM, respectively, while SW948 and SW1398
were insensitive to 5'DFUR (IC50>150 µM for 5'DFUR). TPI and BAU only moderately
affected sensitivity of Colo320, SW948 and SW1398, whereas TPI significantly
increased IC50 for 5'DFUR (50-fold) and 5FU (11-fold) in Colo320TP1 and BAU that in
C26A (9-fold for 5'DFUR; p<0.01). In the epithelial skin cell line HaCaT both
inhibitors were able to decrease sensitivity to 5'DFUR and 5FU separately. HaCaT
might be a model for 5'DFUR toxicity.
In the colon cancer cells 5'DFUR degradation varied from 0.4 to 50 nmol
5FU/hr/106 cells, that of TdR from 0.3 to 103 nmol thymine/hr/106 cells, that of Urd
from 0.8 to 79 nmol uracil/hr/106 cells, while conversion of 5FU to FUrd was from 0.3
to 46 nmol/hr/106 cells. SW948 and SW1398 were about equally sensitive to 5'DFUR
and 5FU, but SW1398 had higher phosphorylase activity (>65-fold) compared to
SW948. In SW948 and HaCaT TPI and BAU inhibited TdR and Urd phosphorolysis
(>80%), respectively. Both TP and UP contributed to the phosphorolysis of 5'DFUR
and 5FU. In the presence of both inhibitors, still phosphorolysis of 5FU (>40%) was
detected in the tumor and HaCaT cell lines, and remarkably, that of all four
substrates in SW1398 cells.
5'DFUR phosphorolysis was also measured in situ, where Colo320TP1,
SW1398 and HaCaT cells produced significant amounts 5FU from 5'DFUR (>10
nmol/24 hr/106 cells). In Colo320TP1 and in HaCaT cells TPI completely prevented
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5FU production, but not in SW1398 cells, where BAU decreased this by 67%
(p<0.01). High uracil and dUrd levels were detected in the medium. Uracil
accumulation was heavily reduced in the presence of TPI for Colo320TP1 and HaCaT
cells, whereas 5FU-induced dUrd production by these cell lines increased (p<0.01).
In contrast, for SW1398 cells only BAU was able to reduce uracil levels, and dUrd
production remained unchanged.
In conclusion, overlapping substrate specificity was found for TP and UP in the
cell lines, in which both enzymes were responsible for converting TdR and Urd and
5'DFUR. 5'DFUR and 5FU were converted to their products in both the colon cancer
cells and keratinocytes.

INTRODUCTION
Thymidine phosphorylase (TP) [1] and uridine phosphorylase (UP) [2] are
pyrimidine phosphorylases that catalyze the reversible phosphorolysis of a number of
(fluorinated) pyrimidine nucleosides [3], such as trifluorothymidine (TFT) and
capecitabine (Xeloda®; Roche). The latter is an oral 5-fluorouracil (5FU) prodrug
currently used for the treatment of breast and colorectal carcinoma [4],[5].
Capecitabine is metabolized to 5'-deoxy-5-fluorouridine (5'DFUR), which in turn is
converted by TP or UP into 5FU in tumor tissue. Both enzymes also play a role in the
anabolic activation of 5FU (Figure 1), and may convert 5FU into 2'-deoxy-5fluorouridine (FdUrd) or 5-fluorouridine (FUrd) depending on the availability of their
co-substrates 2-deoxyribose-1-phosphate (dR-1-P) and ribose-1-phosphate (R-1-P),
respectively. However, dR-1-P has a very low concentration in cells often precluding
the conversion of 5FU to FdUrd [6]. Furthermore, activation of 5FU is likely to occur
through

orotate

phosphoribosyltransferase

(OPRT),

thereby

producing

monophosphorylated FUMP. These 5FU metabolites are further metabolized and are
either incorporated into RNA or DNA, leading to DNA strand breaks, or can inhibit
thymidylate synthase (TS), causing a depletion of dTMP.
Mammalian UP and TP are structurally related and belong to the same family
of nucleoside phosphorylases [7]. TP is the principal enzyme required for 5'DFUR
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conversion in both human and murine livers [3]. The specificity of UP and TP for
(fluorinated) substrates and their activities varies between different organs and in
cancers from humans and mice [3],[8].

5’DFUR
BAU

UP TP

TPI
Uracil

FUrd

UP

UK

5FU
OPRT

FUMP

TP

FdUrd
TK

FdUMP

dUrd ↑↑
dUMP ↑↑
TS

dTMP

RNA

DNA

Figure 1
Schematic overview of the possible metabolic pathways for 5FU and
5’DFUR. Abbreviations: TP = thymidine phosphorylase, UP = uridine phosphorylase, UK = uridine
kinase, OPRT = orotate phosphoribosyltransferase, TK = thymidine kinase, TS = thymidylate
synthase; 5’DFUR = 5-fluoro-5’-deoxyuridine, 5FU = 5-fluorouracil, FUrd = 5-fluorouridine, FUMP =
5-fluorouridine-5’-monophosphate, (F)dUrd = (5-fluoro-)2’-deoxyuridine, (F)dUMP = (5-fluoro-)2’deoxyuridine-5’-monophosphate, dTMP = thymidine-5’-monophosphate. The arrows next to dUMP and
dUrd indicate that these increase at inhibition of TS.

TP catalyzes the reversible phosphorolytic cleavage of (fluorinated) thymidine
(TdR) and 2'-deoxyuridine (dUrd) to their bases and dR-1-P [1]. Expression of TP has
been studied extensively in numerous immunohistochemical and enzyme activity
studies [9],[10],[11],[5],[12]. Macrophages and endothelial cells predominantly
express TP, but the enzyme is also high in the liver, colon, bladder, stomach and
some other tissues. Several studies show that TP expression is increased in various
malignancies compared to the surrounding normal tissues [13],[14],[15],[16]. Tumor
infiltrating macrophages frequently show overexpression of TP, which may contribute
to the high TP levels in colorectal tumors, which may have a potential role in
increased angiogenesis in these tumors [17],[18]. TP is identical to the proangiogenic platelet-derived endothelial cell growth factor (PD-ECGF) [19],[20], and
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has been linked to the pathology and progression of solid tumors [21]. Therefore
elevated TP levels are indicative for aggressive disease and poor prognosis for
colorectal cancer patients [22],[17],[23].
UP is specific for the conversion of (fluorinated) uridine (Urd) nucleosides into
their bases and R-1-P, but also accepts 2'-deoxypyrimidine nucleosides in higher
organisms [2],[24]. TP can also utilize Urd as a substrate to a certain extent. UP
plays an important role in the homeostatic regulation of Urd concentrations in human
plasma [25], thereby participating in the regulation of

various physiological and

pathological processes. UP activity is present in various human cells and tissues and
is often upregulated in solid tumors [2],[26],[27]. Urd is able to reduce in vivo 5FU
toxicity, which allows 5FU to be administered at a higher dose to improve the
therapeutic index [28],[29]. In addition, elevated UP levels may correlate with the
differentiation and tumor staging in colorectal carcinoma [30], thereby possibly
influencing therapeutic outcome.
Both phosphorylases control the homeostasis of (deoxy)nucleosides, which are
important precursors in the biosynthesis of pyrimidine nucleotides through the
salvage pathway. Their tissue-specific expression and overexpression in various solid
tumors, including colorectal carcinoma, and their broad and sometimes overlapping
substrate specificity, indicate their importance not only in (deoxy)nucleoside
homeostasis, but also in the activation of 5FU and its prodrugs. In this study we
investigated the relative contribution of TP and UP in the metabolism of pyrimidine
nucleosides TdR and Urd and in the activation of 5'DFUR and 5FU. For that purpose
we used several colorectal cancer cell lines known to have different levels of TP and
UP and a keratinocyte cell line, which might be a model for toxic side effects of
5'DFUR such as the hand-foot syndrome. The potent and specific inhibitors of TP
(thymidine phosphorylase inhibitor; TPI) [31] and UP (5-benzylacyclouridine; BAU)
[32] were used to modulate the enzyme activities (Figure 1).
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MATERIALS & METHODS
Chemicals
Dulbecco's Modified Eagle's Medium (DMEM) and Hepes buffer were purchased from Cambrex
BioScience (Verviers, Belgium). Fetal bovine serum (FBS) was obtained from Greiner Bio-One
(Frickenhausen, Germany). Sulforhodamine B (SRB) protein dye and 5FU were purchased
from Sigma-Aldrich Chemicals (Zwijndrecht, The Netherlands). 5'DFUR was kindly provided by
Roche Pharmaceuticals. [6-14C]-5FU (specific activity 45 mCi/mmol) was purchased from
Moravek Biochemicals Inc. (Brea, CA, USA). To discriminate between TP and UP enzyme
activities we used the specific inhibitor drugs TPI (Ki = 17 nM; 5-chloro-6-(2-iminopyrrolidin1-yl)methyl-2,4(1H,3H)-pyrimidinedione hydrochloride) [31] and BAU (Ki = 98 nM) [32],
respectively. TPI was synthesized by Taiho Pharmaceuticals Co. (Tokushima, Japan), and was
a kind gift from Dr. Masakazu Fukushima. BAU was synthesized and kindly provided by Dr.
Shih-Hsi Chu (at that time at Brown University, Providence, RI, USA). In all experiments the
cells or cell extracts were incubated with or without 10 µM TPI, 30 µM BAU or both inhibitors,
concentrations previously shown to inhibit TP and UP completely, without affecting the other
enzyme. These inhibitor drugs did not affect cell attachment and/or growth when added
alone. All other chemicals and solutions used in this study were of analytical grade and
commercially available.

Cell lines
The colorectal cancer cell lines Colo320, Colo320TP1, C26A, SW948, SW1398 and the
keratinocyte cell line HaCaT were used in this study. Colo320TP1 is a transfectant with high
TP expression and is derived from Colo320 [33]. C26A is from murine origin and was derived
from the tumor line Colon 26 [34], which has high UP levels; the other cancer cell lines are
all human-derived. HaCaT is a spontaneously immortalized human epithelial cell line from
adult skin [35], and was used as a non-tumor derived cell line. The cell lines were cultured in
DMEM medium supplemented with 10% FBS and 20 mM Hepes buffer (without antibiotics)
and grew as adherent monolayers in tissue culture flasks (Greiner Bio-One) in a humidified
atmosphere (5% CO2) at 37ºC.

Cytotoxicity experiments
Cytotoxicity was determined using the SRB assay [36],[37]. Briefly, the cells were seeded in
100 µl medium (with or without 10 µM TPI or/and 30 µM BAU) in triplicate in 96-well flatbottom plates (Greiner Bio-One) in different densities depending on their growth rate (2500 108
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5000 cells/well). After 24 hr, 100 µl drug containing medium was added to the wells and the
cells were incubated for another 72 hr. Thereafter, cells were fixed using trichloroacetic acid
(TCA) and stained with the SRB dye. Differences in optical density (OD measured at 540 nm)
between the treated cells and untreated control cells were compared. The obtained IC50
values were expressed as the concentrations that corresponded to a reduction of cellular
growth by 50% compared to the control cells.

Enzyme assays
TP and UP enzyme activities in the cells were determined using a non-radioactive assay
previously described by our group [22],[38]. Activity was determined using the substrates
TdR, Urd or 5'DFUR at 250 µM final concentration by measuring their conversion into
thymine, uracil or 5FU, respectively. Depending on enzyme activity, cell pellets of 10-60 x 106
cells were suspended in 1 ml assay buffer (50 mM Tris, 1 mM EDTA; pH 7.4), sonificated,
and centrifuged at 11,600 g at 4°C. Fifty µl of (diluted) supernatant was mixed with 10 µl 0.8
M K2HPO4, 10 µl 50 mM substrate (cell line-dependent), and 130 µl Tris/EDTA (pH 7.4)
buffer, and incubated for 15, 30 or 60 min at 37°C. Linearity in substrate conversion was
established for both in time and for protein (5-300 µg/assay). The reactions were stopped by
the addition of 50 µl 40% TCA. The samples were left on ice for 20 min, centrifuged (5 min
at 11,600 g at 4°C), and neutralized with 400 µl trioctylamine/trichlorotrifluorethane (1:4).
The upper fraction was stored at -20°C until HPLC analysis for separation and quantification
of the products and substrates. Concentrations were calculated from the peak areas at 254
nm using external standards. The detection limit was 0.1 µM.
To measure conversion of 5FU (using co-substrate R-1-P) into FUrd, a radioactive
enzyme assay was used [39]. The reaction mixture contained 25 or 50 µl of (diluted)
supernatant (protein ranged from 50-300 µg/µl), 10 µl 50 mM MgCl2, 10 µl 20 mM R-1-P,
and the reaction was initiated by addition of 10 µl [6-14C]-5FU/5FU (final concentration 225
µM; specific activity mixture: 9 mCi/mmol) and incubated at 37°C (with or without 10 µM TPI
or/and 30 µM BAU). Reaction time varied between 15-60 min and reaction was stopped by
boiling for 3 min followed by chilling on ice. The compounds were separated using thin-layer
chromatography. After centrifugation (10 min 11,600 g at 4°C), the obtained supernatants
together with non-radioactive tracer (5 mM) were spotted onto PEI-cellulose sheets. The
compounds were localized under UV-light, and after development with distilled water the
spots were cut out and counted for activity after addition of 4 ml scintillation fluid.
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In situ measurement of 5'DFUR and 5FU conversion
One million cells were incubated in 2 ml DMEM medium in 6-well flat-bottom plates (Greiner
Bio-One) for 24 hr at 37ºC. The medium contained 100 µM 5'DFUR or 5FU with or without
the enzyme inhibitors (10 µM TPI or/and 30 µM BAU). The medium was sampled at different
time points to measure drug metabolism and effects on normal nucleoside metabolism.
Samples were centrifuged (11,600 g) and stored at -20°C until HPLC analysis for separating
the (5FU-)metabolites, as described above [38]. Uracil, Urd and dUrd were also measured,
because UP inhibition may result in Urd elevation in plasma [40],[41], and therefore we
investigated the influence of in vitro inhibition of TP or/and UP on uracil, dUrd and Urd
production.

Statistics
The results were analyzed using the (paired) Student’s t-test. The calculated P-values were
considered significant when <0.05.

RESULTS

Sensitivity to 5'DFUR and 5FU
In order to determine to what extent TP and UP contribute to the cytotoxic
effects of 5'DFUR and 5FU, cells were exposed to a concentration range of these
drugs in the presence and absence of 10 µM TPI and/or 30 µM BAU (Table 1). The
IC50 values varied considerably among the cell lines when exposed to 5'DFUR or 5FU
alone. Colo320TP1 cells with transfected TP were far more sensitive to 5'DFUR (46fold) and 5FU (13-fold) compared to Colo320. HaCaT and Colo320TP1 cells were
equally sensitive to both drugs, and C26A slightly less. SW948 and SW1398 were
relatively insensitive to 5'DFUR (IC50>150 µM). Addition of TPI or/and BAU to the
medium only moderately affected sensitivity of Colo320, SW948 and SW1398 to
5'DFUR or 5FU (p>0.05). However, in Colo320TP1 TPI significantly increased the IC50
for 5'DFUR 50-fold and that for 5FU 11-fold, whereas BAU had no effect. In contrast
to Colo320TP1, for C26A only BAU decreased sensitivity to 5'DFUR (9-fold; p<0.01).
Remarkably, in HaCaT both inhibitors were able to decrease drug sensitivity
separately, but BAU increased the IC50 only 2-fold for both drugs, whereas TPI
increased these 10-fold or more (all p<0.01).
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Table 1. Effect of 10 µM TPI and/or 30 µM BAU on growth inhibition induced by 5’DFUR or 5FU.

5'DFUR (µM)
C ell line

control

Colo320
Col o320TP1
C26A
SW948
SW 1398
HaCaT

TPI

5FU (µM)

BAU

64.0 ± 3.1
67.3 ± 8.2
56.7 ± 3.3
1.4 ± 0.5
70.0 ± 10.0 **
2.5 ± 0.8
9.0 ± 2.0
8.7 ± 2.2
82.0 ± 15.9 **
170.0 ± 20.8 263.3 ± 27.3 150.0 ± 25.2
156.7 ± 20.3 180.0 ± 25.2 160.0 ± 20.0
2.2 ± 0.5
38.3 ± 1.5 ** 5.6 ± 0.7 **

TPI + BAU

control

57.3 ± 2.7
69.7 ± 9.4 **
83.3 ± 14.5 **
233.3 ± 35.3
203.3 ± 20.3
49.0 ± 7.5 **

2.5 ± 0.3
0.2 ± 0.02
0.8 ± 0.04
5.0 ± 1.5
5.4 ± 0.4
0.2 ± 0.03

TP I

BAU

2.6 ± 0.3
1.7 ± 0.2
2.2 ± 0.03 ** 0.2 ± 0.04
0.8 ± 0.1
1.2 ± 0.2
7.1 ± 1.6
6.8 ± 0.8
8.5 ± 0.5
6.7 ± 0.9
2.0 ± 0.2 ** 0.4 ± 0.02 **

TPI + BAU
1.8 ± 0.3
2.5 ± 0.3 **
1.2 ± 0.2
4.0 ± 0.9
6.5 ± 1.8
2.6 ± 0.8 **

The cells were exposed for 72 hr to the drugs and the inhibitors were present in the medium 24 hr before adding the drugs. Growth inhibition is expressed as
IC50 (µM). Values are given as Means ± SEM of at least three separate experiments. Compared to control: ** p<0.01.

Table 2.

Basal TP and UP activities for the cell lines.

Substrate
Cell line
Colo320
Colo320TP1
C26A
SW948
SW1398
HaCaT

TdR

Urd

5'DFUR

5FU

nd
102.8 ± 16.9
5.8 ± 0.9
0.3 ± 0.03
2.5 ± 0.5
10.9 ± 1.0

nd
0.8 ± 0.1
78.5 ± 15.5
4.6 ± 0.4
49.6 ± 13.1
48.1 ± 2.5

nd
50.0 ± 9.1
11.8 ± 1.5
0.4 ± 0.03
26.6 ± 7.0
12.2 ± 1.3

nd
16.0 ± 1.9
23.8 ± 4.9
0.3 ± 0.1
46.1 ± 8.7
53.5 ± 6.4

The cells converted TdR, Urd, 5’DFUR and 5FU to thymine, uracil, 5FU and FUrd, respectively. Values (nmol/
hr/106 cells) were calculated by measuring the amount of product formed and are expressed as Means ±
SEM of at least three separate experiments. nd = nothing detected.
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TP and UP enzyme activities
Table 2 depicts the basal TP/UP enzyme activities for the cell lines in nmol
product/hr/106 cells. For the tumor cell lines the highest TdR and 5'DFUR conversion
into thymine and 5FU, respectively, was found in Colo320TP1 compared to the other
cell lines. The highest conversion of 5FU into FUrd was found in SW1398. Due to the
high TP expression in Colo320TP1 around 100 nmol thymine/hr/106 cells was formed,
which was at least 17-fold more than the other cancer cell lines. Urd degradation into
uracil and R-1-P was highest in C26A. No detectable phosphorylase activity was
found with any of these substrates in Colo320. Although SW948 and SW1398 are
about equally sensitive to 5'DFUR and 5FU, SW1398 had at least 65-fold higher
phosphorylase activity with these substrates compared to SW948. C26A was able to
catabolize more TdR and Urd than SW1398, but 5'DFUR or 5FU were less rapidly
converted to their products (about 50%). Low phosphorylase activity was seen in
SW948 compared to the other cell lines. The immortalized human epithelial cell line
HaCaT had significant pyrimidine phosphorylase activity, for both the natural
substrates and the fluorinated compounds. The conversion of 5FU into FUrd was
highest in these cells compared to the tumor cell lines.

Effect of specific TP and UP inhibitors on phosphorylase activities
Figure 2 shows the relative phosphorylase activity of the substrates in the
presence of 10 µM TPI, 30 µM BAU or both inhibitors. TPI completely inhibited
phosphorolysis of the three nucleosides in Colo320TP1 cell extracts, whereas BAU
completely inhibited phosphorolysis in C26A cell extracts. BAU only slightly inhibited
formation of FUrd from 5FU in Colo320TP1 cell extracts, and 60% in C26A cell
extracts, whereas TPI slightly inhibited this reaction in C26A. For the other cell lines
both TP and UP were less substrate specific. In SW948 cell extracts TPI inhibited TdR
phosphorolysis to thymine (80%) and BAU that of Urd to uracil. This in contrast to
SW1398 cell extracts, where BAU inhibited phosphorolysis of TdR and Urd (>85%),
demonstrating that UP was responsible for this reaction. The phosphorolysis of
5'DFUR to 5FU was catalyzed by UP in SW948 and in SW1398, since it was inhibited
by BAU. Addition of both TPI and BAU did not completely inhibit TdR, Urd and
5'DFUR phosphorolysis in SW1398, indicating that possibly another pyrimidine
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phosphorylase might be responsible for these conversions [26]. In addition to C26A
cell extracts, the formation of FUrd from 5FU was inhibited by BAU, underlying the
important role of UP, but combination of both inhibitors did not completely inhibit
that in SW948 and SW1398. In HaCaT extracts similar results were seen compared to
SW948. TPI and BAU inhibited TdR and Urd phosphorolysis, respectively, and both
enzymes seem to contribute to the phosphorolysis of 5'DFUR to 5FU. TPI inhibited
this process about 20%, but BAU was more active (>30%). In the presence of both
inhibitors still 50% conversion of 5FU to FUrd was measured.
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Figure 2. Inhibition of TP or/and UP
catalyzed substrate conversion in the cell
lines using TPI (10 µM) and BAU (30 µM).
The amount of substrate converted without the
inhibitors is set to 100%. Values are Means ±
SEM of 3-5 experiments. nd = nothing detected.
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Figure 3. In situ metabolism of 5’DFUR to 5FU (solid lines) and the impact on uracil
(dashed lines) levels for Colo320TP1 cells. Cells were exposed to 5’DFUR alone (circles), with
TPI (crosses) or with BAU (triangles). Values are Means ± SEM of 3-5 experiments. 5FU or uracil
production was completely inhibited by TPI, as indicated by the crosses on the X-axis.

In situ metabolism of 5'DFUR and 5FU and metabolic effects of TPI and BAU
Enzyme activities were measured under optimal substrate conditions. In order
to investigate the metabolism of the nucleosides and nucleoside analogs under more
physiological or relevant pharmacological conditions, we exposed intact Colo320TP1
cells to the compounds (Figure 3). Cells metabolized 5'DFUR to 5FU rapidly, thereby
increasing the concentration of 5FU in the medium up to 21 µM after 24 hr. Addition
of BAU decreased 5FU production in the medium by 20% (p<0.05), but no 5FU was
detectable in the medium when TPI was added. Table 3 summarizes the in situ
metabolism of 100 µM 5'DFUR or 5FU within 24 hr for the cell lines. No or low
amounts of products (<1 nmol totally) were detected for Colo320 and SW948 cells
(data not shown). SW1398 and HaCaT cells converted significant amounts of 5'DFUR
to 5FU (>10 nmol/24 hr/106 cells), which was inhibited by TPI in Colo320TP1 and
HaCaT cells, but not in SW1398 cells. BAU decreased 5'DFUR to 5FU production to
some extent in the cell lines, which was only significant for SW1398 cells (67%;
p<0.01).
Analysis of medium of cells exposed to 5'DFUR or 5FU for 24 hr also revealed
the presence of several additional peaks. Careful analysis of these peaks by a
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spectrum analysis and co-injection of pure compounds, led us to the conclusion that
they were uracil and dUrd, which are apparently formed after exposure of the cells to
a fluoropyrimidine. Although expected, we did not find an accumulation of FUrd. No
or low levels of FdUrd were detected after 5'DFUR or 5FU exposure, since no source
for dR-1-P was added. High levels of uracil were detected, which was at least 2-fold
higher for Colo320TP1 and HaCaT cells after exposure to 5'DFUR or 5FU compared to
SW1398 cells. The dUrd levels were much higher for SW1398 than Colo320TP1 and
HaCaT cells, while for HaCaT cells dUrd was only detectable after 5FU exposure, but
not after 5'DFUR exposure. TPI prevented accumulation of uracil (90-100% in
Colo320TP1 and HaCaT; p<0.01; see also Figure 3). However, TPI increased 5FUinduced dUrd production by Colo320TP1 cells 6.3-fold and almost 2-fold by HaCaT
cells (both p<0.01). BAU alone did not affect uracil and dUrd levels in the medium
produced by Colo320TP1 or HaCat cells, this in contrast to SW1398 cells, where BAU
significantly decreased uracil levels in the medium (≥ 50%; p<0.01), and dUrd levels
were high (>10 nmol) after addition of TPI or BAU alone (p>0.05).

Table 3.
In situ metabolism of 5’DFUR and 5FU into their metabolites and the impact
on uracil and dUrd levels.
5'DFUR
control

TPI

BAU

TPI + BAU

Colo320TP1

5FU
Uracil
dUrd
FdUrd

42.1 ± 3.4
10.6 ± 1.1
2.3 ± 0.9
nd

nd
nd
1.8 ± 1.0
nd

34.1 ± 3.0
11.6 ± 1.4
1.2 ± 0.1
nd

nd
nd
5.4 ± 2.4
nd

SW1398

5FU

5FU
Uracil
dUrd
FdUrd

10.2 ± 0.2
4.2 ± 0.6
19.8 ± 3.8
nd

8.4 ± 2.2 3.4 ± 0.8 **
4.0 ± 1.6 1.4 ± 0.2 **
12.2 ± 3.4 16.8 ± 1.8
nd
nd

HaCaT

Cell line / metabolites

5FU
Uracil
dUrd
FdUrd

31.8 ± 6.1
11.6 ± 2.5
nd
nd

nd
nd
nd
nd

28.8 ± 2.6
10.6 ± 0.8
nd
nd

control

TPI

BAU

TPI + BAU

16.0 ± 0.6
nd
16.8 ± 0.1
nd
2.2 ± 0.7 13.8 ± 1.1 ** 1.3 ± 0.1 15.0 ± 1.3 **
0.9 ± 0.04
nd
0.7 ± 0.02 *
nd

nd
nd
nd
nd

3.6 ± 0.1 2.6 ± 0.4 *
15.8 ± 0.4 13.6 ± 2.0
nd
nd

nd
nd
nd
nd

9.8 ± 0.1 0.8 ± 0.1 **
9.0 ± 0.5 17.3 ± 0.5 **
2.2 ± 0.2
nd

1.8 ± 0.6 ** 1.4 ± 0.04 **
13.8 ± 1.4 10.8 ± 0.2 *
nd
nd
9.7 ± 0.5
9.1 ± 0.8
2.3 ± 0.2

Cells were exposed to the drugs for 24 hr with or without 10 µM TPI or/and 30 µM BAU. Values are
Means (nmol/24 hr/106 cells) ± SEM of 3-5 experiments. nd = nothing detected. Compared to control:
* p<0.05; ** p<0.01. In the parent Colo320 and in SW948 no conversion of 5’DFUR to 5FU could be
detected (<1 nmol totally).
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DISCUSSION
In this study we determined that basal TP and UP activities and substrate
specificity varied considerably among the cell lines. TP can also phosphorolyze
5'DFUR to 5FU [2],[39], but its contribution to this conversion relative to UP is
disputed [26]. We observed a clear preference of TP and UP for the natural
substrates TdR and Urd, respectively, except for SW1398, where UP seemed to use
both substrates.
In this paper the contribution of the phosphorylases to 5'DFUR activation in
colon cancer cells was investigated in vitro by using the specific inhibitors TPI [31]
and BAU [32], respectively. The contribution of each phosphorylase differed for each
cell line. BAU is a potent UP inhibitor without affecting TP activity, and was proven to
be clinically active in enhancing fluoropyrimidine sensitivity by preventing Urd
degradation [40]. In the experiments using cell extracts we observed that the
artificially upregulated TP expression in Colo320TP1 resulted in very high TdR
conversion and increased sensitivity to 5'DFUR and 5FU compared to the parental
Colo320 cell line. In the presence of the selective and potent TPI these events could
be completely blocked. The metabolism of (fluoro)pyrimidines varies considerably
between the tumor and the immortalized HaCaT cells, where both TP and UP
contributed to the conversion of 5'DFUR into 5FU and its active metabolites. Both UP
and TP are often upregulated in solid tumors, thereby possibly enhancing 5FU
activation at the tumor site, whereas reduced or no activity of UP [42] or TP [9] is
one of the mechanisms of 5FU resistance. The HaCaT cell line is of noncancerous
origin and was used as a control cell line in this study, which was considered having
high phosphorylase activity [43].
The high sensitivity of HaCaT cells to 5'DFUR and 5FU was in agreement with
Fischel et al. [43], and inhibition of either TP or UP decreased sensitivity of the cells
to 5'DFUR significantly. This means that conversion of 5'DFUR to 5FU is essential for
its effects, both cytotoxicity and possible side effects of 5'DFUR on skin cells, possibly
including the hand-foot syndrome. In HaCaT cells TP mainly catalyzed TdR
conversion and UP mainly catalyzed the conversion of Urd and 5'DFUR, but both
enzymes had an equal contribution in the activation of 5FU. Thus both UP and TP
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have a significant role in these keratinocytes, and the high sensitivity of keratinocytes
to 5'DFUR might be related to the high activity of both phosphorylases. UP activity
seemed to be important in activating 5'DFUR and 5FU itself, but inhibition of TP
affected sensitivity to the drugs more than UP inhibition did. A comparable
metabolism was seen in SW948 cells, where UP activated 5'DFUR significantly
compared to TP, but TP or UP inhibition did not affect drug sensitivity. These
differences may be the result of an altered regulation of the pyrimidine
phosphorylases, which is controlled at the promotor level by oncogenes, tumor
suppressor genes and cytokines [2],[1]. Co-activation of 5'DFUR by TP may be
suppressed by upregulation of UP in primary tumors. Furthermore, in vivo the tumor
stage of colorectal carcinoma also influences its UP levels [30], and UP activity often
remains high in tumor xenografting.
Although SW1398 cells showed higher 5'DFUR conversion rates than C26A
and HaCaT cells, the latter two cell lines were about 15-fold more sensitive to
5'DFUR. Additionally, SW1398 and SW948 cells were comparably sensitive to 5'DFUR,
but SW1398 cells had about 65-fold higher 5FU production. These results indicate
that UP and/or TP activity levels are essential for 5'DFUR sensitivity, but are not
positively correlated with 5'DFUR sensitivity. Furthermore, addition of BAU with or
without TPI did not significantly decrease 5'DFUR sensitivity in SW1398 and SW948
cells, but was able to significantly decrease 5'DFUR conversion in both cell extracts
and in intact tumor cells.
Inhibition of both UP and TP did not prevent 5FU anabolism, because 5FU can
also be activated by OPRT. Colo320 cells have no detectable phosphorylase activity,
but were sensitive to 5'DFUR and 5FU compared to the other cancer cell lines, which
possibly is the result of active OPRT-mediated conversion of 5FU in these cells. For
OPRT it was reported earlier that it is one of the most important enzymes in 5FU
anabolism [44],[39]. Actually, inhibition of TP or UP might even channel 5FU to the
OPRT catalyzed reaction. In xenografts Holland and colleagues [45] even observed
that BAU increased Furd levels, which can only be explained by interrupting the futile
cycle 5FU>FUMP>FUrd>5FU by inhibiting 5FU to FUrd.
It was evident that both enzymes were responsible for the phosphorolysis of
the substrates, but in the presence of both TPI and BAU still product formation was
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detected, although for SW1398 cells this was not observed in situ when 5'DFUR was
used

as

substrate.

For

TdR,

Urd

and

5'DFUR

possibly

other

pyrimidine

phosphorylases are responsible for the phosphorolysis, as postulated earlier
[26],[44],[39]. In the presence of TPI and BAU remaining phosphorolytic acivity must
be present, which was recently demonstrated in white blood cells isolated from
healthy individuals [10], but also in cancer cells using BAU and the TP inhibitor 5bromo-6-aminouracil [46]. For SW1398 cells both 5'DFUR and 5FU conversions were
catalyzed by TP and UP, and significant 5'DFUR resistance in these cells may be
observed when all pyrimidine phosphorylase activity is inhibited. Human UP is highly
specific for Urd conversion, whereas human TP is mainly responsible for the
phosphorolysis

of

deoxyribonucleosides,

but

UP

is

able

to

cleave

deoxyribonucleosides in higher organisms [24], as was also shown in the SW1398
extracts for the conversion of TdR by UP. Surprisingly, UP was not completely
responsible for Urd conversion in the low UP expressing SW948 cells, this in contrast
to C26A murine colon cancer cells, where UP was responsible for the conversion of all
three nucleoside substrates.
In the in situ experiments we found an elevation of uracil and dUrd levels,
which was an unexpected result. Cancer cells with high UP activity were reported to
have increased FUrd production [39], but surprisingly we did not find increased FUrd
levels in the medium of SW1398 cells. UP inhibition was also reported to potentiate
FdUrd-mediated growth inhibition of tumors grown in mice [47], but no FdUrd was
detected in the medium. Addition of TPI increased dUrd production by Colo320TP1,
but not that of thymine (Table 3). Compared to Colo320TP1 and SW1398 cells,
where dUrd was measured in the medium after 5'DFUR or 5FU exposure, it was
notable that for HaCaT cells only after 5FU exposure dUrd was measured. Uracil and
dUrd production may be the result of TS inhibition [48]. Since dUrd is a breakdown
product of dUMP, dUrd is regularly used as a marker for TS inhibition in patients
[49], but this approach is unusual in preclinical studies. Inhibition of TS will cause
dUMP accumulation in the cell, thereby possibly increasing the dUrd levels, which will
be degraded to uracil and dR-1-P by a nucleotidase or phosphatase. In organs with
high dihydropyrimidine dehydrogenase (DPD) activity (e.g. liver) uracil is rapidly
degraded by DPD to dihydrouracil, and administration of another DPD substrate or
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DPD inhibition itself would prevent this, resulting in stable uracil levels. To determine
whether either 5FU or uracil would be degraded to (fluoro)dihydrouracil, we added
the specific DPD inhibitor 5-chloro-2,4-dihydroxypyridine (CDHP). This did not affect
the formation of the 5FU metabolites, indicating that uracil is not further degraded in
these cells.
In conclusion, both TP and UP may contribute to the conversion of 5'DFUR
into 5FU and its active metabolites in colon cancer cells. UP plays a significant role in
the conversion of 5FU prodrugs [2], and because both TP and UP levels are often
elevated in tumors, the activation of fluoropyrimidines at the tumor site will be
enhanced. Future studies should attempt to allow the contribution of UP in studying
intracellular metabolism of 5'DFUR.
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ABSTRACT
Thymidine phosphorylase (TP) and uridine phosphorylase (UP) catalyze the
(in)activation of several fluoropyrimidines, depending on their catalytic activity and
substrate specificity. Blood cells are the first compartment exposed to most anticancer
agents. The role of white blood cells in causing toxic side effects and catalyzing drug
metabolism is generally underestimated. Therefore we determined the contribution of
the white blood cell compartment to drug metabolism, and we investigated the activity
and substrate specificity of TP and UP for the (fluoro)pyrimidines thymidine (TdR),
uridine (Urd), 5'-deoxy-5-fluorouridine (5'DFUR) and 5-fluorouracil (5FU) in peripheral
blood mononuclear cells (PBMC) and undifferentiated monocytes and differentiated
monocytes: macrophages and dendritic cells.
PBMC had an IC50 of 742 µM exposed to 5'DFUR, increasing to > 2000 µM when
both TP and UP activities were inhibited. Total phosphorolytic activity was higher with
TdR than with Urd, 5'DFUR or 5FU. Using a specific TP inhibitor (TPI) and UP inhibitor
(BAU) we concluded that TdR and Urd were preferentially converted by TP and UP,
respectively, while 5'DFUR and 5FU were mainly converted by TP (about 80%) into 5FU
and FUrd, respectively. 5FU was effectively incorporated into RNA. TdR conversion into
thymine was highest in dendritic cells (52.6 nmol thymine/hr/106 cells), followed by
macrophages (2-fold) and undifferentiated monocytes (8-fold). TPI prevented TdR
conversion almost completely.
In conclusion, PBMC were relatively insensitive to 5'DFUR, and the natural
substrates TdR and Urd were preferentially converted by TP and UP, respectively. TP
and UP were both responsible for converting 5'DFUR/5FU into 5FU/FUrd, respectively.

INTRODUCTION
The phosphorolytic cleavage of TdR into thymine and deoxyribose-1phosphate (dR-1-P) is catalyzed by TP and that of Urd into uracil and ribose-1phosphate (R-1-P) by UP [1]. TP is assumed to be identical to the angiogenic factor
platelet-derived endothelial cell growth factor (PD-ECGF) (reviewed in [2],[3]).
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Expression of TP has been studied extensively in numerous immunohistochemical
studies

[4].

(Fluoro)pyrimidines

can

be

converted

by

different

pyrimidine

phosphorylases [5],[6], and besides TP, UP is also known to catalyze the reversible
phosphorolytic cleavage of a number of (fluoro)pyrimidine nucleosides [7],[8],[9].
The 5FU prodrug capecitabine (Xeloda®; Roche), used in the treatment of colorectal
cancer, is converted into 5'DFUR which is subsequently cleaved by TP/UP into its
active form 5FU [10],[11]. Both pyrimidine phosphorylases are often overexpressed
in various solid tumors, and have broad (and sometimes overlapping) substrate
specificity (reviewed in: [7],[5],[2]).
TdR and Urd phosphorolysis have been investigated earlier in PBMC, but it has
not been clarified in these studies to what extent TP and UP contributed to this
process. For other tissues and tumors it has been demonstrated that both enzymes
have a tissue specific substrate selectivity [6]. In addition, the contribution of TP and
UP to the metabolism of both 5'DFUR and 5FU in PBMC is not clear. This is not only
important in view of the use of 5FU in the treatment of cancer, but also because
capecitabine is increasingly being used and metabolism in white blood cells may
contribute to systemic exposure and myeloid toxicity. Therefore we also determined
the sensitivity of PBMC to 5'DFUR and measured the metabolism of 5FU in PBMC of
patients treated with 5FU.
Furthermore,

tumor

infiltrating

macrophages

frequently

showed

overexpression of TP, which observation has been implicated before to have a
potential role in increased angiogenesis in tumors [12]; therefore TP expression in
these macrophages has been linked to the pathology and progression of solid tumors
[13]. In addition to macrophages, dendritic cells are also part of the stroma and
infiltrate in the tumor environment of many solid tumors, e.g. in head and neck
squamous-cell carcinoma [14], and contribute to tumor development and may
activate 5'DFUR via the bystander effect.
In this study we investigated the relative contribution of TP and UP in the
activation pathway of 5'DFUR and 5FU and the conversion of the natural nucleosides
TdR and Urd in PBMC isolated from healthy persons. Additionally, we determined the
TdR conversion rates in time by monocytes, a subset of PBMC, and further
differentiated monocytes: macrophages and dendritic cells.
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MATERIALS & METHODS
Chemicals
Iscove's Modified Dulbecco's Medium (IMDM) and Hepes buffer were purchased from
Cambrex BioScience (Verviers, Belgium). Fetal bovine serum (FBS) was obtained

from

Greiner Bio-One (Frickenhausen, Germany). Ficoll-Hypaque was from Amersham Biosciences
Inc.

(Uppsala,

Sweden).

MTT

(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl

tetrazolium

bromide), 5FU and 5'DFUR were purchased from Sigma-Aldrich Chemicals (Zwijndrecht, The
Netherlands). [6-14C]-5FU (specific activity 45 mCi/mmol) was purchased from Moravek
Biochemicals Inc. (Brea, CA, USA). To discriminate between TP and UP enzyme activities we
used the specific inhibitors thymidine phosphorylase inhibitor (TPI; 5-chloro-6-(2iminopyrrolidin-1-yl)methyl-2,4(1H,3H)-pyrimidinedione

hydrochloride)

[15]

and

benzylacyclouridine (BAU) [16], respectively. In all experiments cells or cell extracts were
incubated with or without 10 µM TPI, 30 µM BAU or both inhibitors, concentrations
previously shown to inhibit TP and UP completely, without affecting the other enzyme. All
other chemicals used in this study were of analytical grade and commercially available.

Isolation of human PBMC and differentiation of monocytes
PBMC were isolated from buffy coats obtained from healthy donors and colon cancer patients
using density gradient centrifugation of whole blood over Ficoll-Hypaque, as previously
described by our group [17]. The experiments described below were conducted using blood
from individual donors. The cells were cultured in IMDM medium (supplemented with 10%
FBS, 2 mM L-glutamine, 20 mM Hepes buffer, 50 U/ml penicillin-streptomycin and 0.01 mM
2-mercaptoethanol) in a humidified atmosphere (5% CO2) at 37ºC, and were allowed to
adhere to the bottom of tissue culture plates for at least 2 hr. The PBMC were used to
determine growth inhibition induced by 5'DFUR, but the cells were also separated to isolate
the monocytes, which were stimulated to differentiate into macrophages (MØ) or dendritic
cells (DC). Briefly, monocytes were isolated from PBMC through positive selection by
magnetic activated cell sorting (MACS; Miltenyi Biotec, Bergisch Gladbach, Germany) thereby
using anti-CD14+ monoclonal antibody coated beads. The cells were cultured in medium for
seven days to allow stimulation to differentiate into MØ (+ 10 ng/ml M-CSF with 5% FBS) or
DC (+ 100 ng/ml GM-CSF, 1000 U/ml IL-4) [18]. The cells were collected after seven days
and used for the TdR sampling experiments (described below).
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PBMC proliferation
Proliferation was determined using the MTT cytotoxicity assay [19]. PBMC were pre-cultured
24 hr in 96-well plates (1.25 x 106 cells/well) in medium containing 5 µg/ml
phytohemagglutinin (PHA) to stimulate proliferation [20]. Thereafter cells were exposed to
5'DFUR (± TPI or/and BAU) for 72 hr.

Enzyme assays
TP/UP enzyme activities in PBMC were determined using a non-radioactive assay previously
described by our group [21]. The substrates TdR, Urd or 5'DFUR were used to measure their
conversion into thymine, uracil or 5FU, respectively, which were separated by HPLC-analysis.
Cell pellets of 30-60 x 106 cells were suspended in assay buffer and sonificated. The assay
was linear with respect to both time and amount of protein (3-6 µg/µl assay buffer). The
final concentration of each of the substrates in the reaction mixture was 250 µM.
Concentrations were calculated from the peak areas at 254 nm using external standards, and
the detection limit was 0.1 µM. Monocytes, MØ and DC were incubated 4 hr (1 x 106
cells/well in 6-well plates) in 4 ml culture medium containing 500 µM TdR, whereafter
medium was sampled at different time points to measure thymine production in time. To
measure conversion of 5FU (using co-substrate R-1-P) into FUrd a radioactive enzyme assay
was used (thin layer chromatography) [22]. In this assay the substrate concentrations were
225 µM 5FU/[6-14C]-5FU (specific activity 9 mCi/mmol) and 2.5 mM R-1-P. This assay was
also linear with respect to both time and amount of protein.

Incorporation of 5FU into RNA
5FU incorporation into RNA of human PBMC was determined using a non-radioactive method
as previously described by our group [23]. Colorectal cancer patients received a 5FU bolus
(500 mg/m2) in the middle of a 2 hr continuous infusion of ld-leucovorin (LV; 500 mg/m2).
After 1 hr blood samples were taken, PBMC isolated and the amount of 5FU incorporated into
RNA was measured in samples from 4 different patients, as described previously [23].

RESULTS

Sensitivity of PBMC to 5'DFUR
The PHA stimulated PBMC were exposed to a concentration range of 5'DFUR
to induce growth inhibition (Figure 1). In the absence of 5'DFUR the cell number was
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2.1 x 106 cells/well. PBMC were relatively insensitive to 5'DFUR with an calculated
IC50 of 742 ± 333 µM including a weak slope of the dose-effect curve. Addition of
BAU to the medium increased IC50 to 1100 ± 100 µM, whereas addition of TPI
caused IC50 >2000 µM. No effect was seen in resting PBMC (no PHA added).

Relative growth (%)

100

5'DFUR
5'DFUR + TPI
5'DFUR + BAU

75

50

25

0
1

10

100

1000

10.000

Concentration 5'DFUR (µM)
Figure 1. Growth inhibition of PBMC after exposure to a concentration range of 5’DFUR
(12.5-2000 µM) with or without 10 µM TPI or 30 µM BAU. Values are Means ± SEM of blood
samples from 3 different healthy donors.

TP/UP enzyme activity in PBMC
The basal total phosphorolytic enzyme activities for PBMC is depicted in Table
1. Significant product formation was detected, with highest conversion of TdR into
thymine compared to the other substrates. 5FU conversion into FUrd was not
significantly different in PBMC obtained from colon cancer patients (Table 1). Figure
2 shows the relative conversion of these substrates when incubated in the presence
of TPI, BAU or both inhibitors. The used concentrations were chosen, because
preliminary experiments showed complete inhibition. These concentrations were
reported to inhibit specifically TP (TPI; [15]) or UP (BAU; [16]). It was clear that TdR
conversion in PBMC could be prevented by addition of TPI whereas BAU almost
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completely prevented Urd conversion to uracil (>95%), indicating strict substrate
specificity for the two pyrimidine phosphorylases. Both TP and UP contributed to the
conversion of 5'DFUR into active 5FU, although inhibition of TP activity caused a
77.2% reduction in 5'DFUR conversion while UP mediated conversion was only
reduced by 16.7%. Similar results were seen for the conversion of 5FU into FUrd:
with TPI 24.5% conversion and with BAU 79.9% conversion remaining. Addition of
both TPI and BAU completely prevented conversion of TdR, 5'DFUR and 5FU into
FUrd, but, surprisingly, still about 5% Urd could be converted into uracil.
Table 1. Basal total phosphorolytic enzyme activities for the substrates TdR, Urd, 5'DFUR
and 5FU in PBMC.

TdR > thymine

Urd > uracil

5'DFUR > 5FU

5FU > FUrd

17.1 ± 2.7

5.3 ± 1.0

6.9 ± 1.1

7.7 ± 1.4

Product formation:
6
(nmol/hr/10 cells)

Relative product formation (%)

Values are Means ± SEM of blood samples from 3-5 different healthy individuals.
from colon cancer patients (n=6).

#

5FU > FUrd
9.4 ± 1.6

PBMC obtained

120.0
TdR>thymine
Urd>uracil
5’DFUR>5FU
5FU>FUrd

100.0
80.0
60.0
40.0
20.0
0.0

ND

ND

TPI

BAU

ND ND

TPI+BAU

Enzyme inhibitor(s)
Figure 2. Inhibition of TP or/and UP catalyzed product formation in PBMC using 10 µM
TPI and 30 µM BAU. The activity without inhibitors is set to 100%, and are mentioned in Table 1.
Inhibitors were added before the substrate for each separate experiment. Values are Means ± SEM of
separate blood samples from 3-4 different individuals. ND = nothing detected.
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Figure 3 depicts the conversion of TdR in time by monocytes, MØ and DC.
These cells were able to convert significant amounts of TdR within 4 hr. Higher
conversion of TdR into thymine was seen for MØ and DC compared to
undifferentiated monocytes (at least 4-fold). At each time point about 50% more TdR
was degraded by DC compared to MØ, indicating that highest TP activity was
observed in DC (52.6 nmol thymine/hr/106 cells).

nmol thymine produced
per 106 cells

350

Dendritic Cells
Macrophages
Monocytes

300
250
200
150
100
50
0
0

1

2

3

4

Time (hr)
Figure 3. Conversion of TdR into thymine by monocytes, macrophages and dendritic cells.
Values are Means ± SEM of different blood samples from 3-4 healthy blood donors. See also Materials
and Methods.

5FU incorporation into RNA
For the 5FU/LV treated colorectal patients the average incorporation of 5FU
into the RNA of PBMC 1 hr after 5FU administration was 0.12 ± 0.05 pmol/µg RNA
(n=4 patients). In normal mucosa from patients given 5FU this level was 0.21 ± 0.09
pmol/µg RNA, while in tumors this level was 0.40 ± 0.19 pmol/µg RNA [23]. In WiDr
colon cancer cells exposed for 2 hr to 25 µM 5FU this level was 0.81 ± 0.10 pmol/µg
RNA [24].
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DISCUSSION
In PBMC TP and UP preferentially converted TdR and Urd, respectively,
without converting the other substrate. Basal TP activity was about 3-fold higher
than UP activity. Both TP and UP were responsible for converting 5'DFUR into 5FU in
these cells.
PBMC are much less sensitive for 5'DFUR compared to colorectal cancer cells
(e.g. see [25]). In resting PBMC no effect was found, probably due to the low grade
in cellular proliferation. However, despite stimulation with PHA the sensitivity is low
and requires much higher IC50 values than the concentration which can be reached in
plasma after capecitabine administration; this is in line with its relatively low
myelotoxicity in the clinic. Resting PBMC also have a very low thymidylate synthase
(TS) expression [26], which is increased at PHA stimulation [27]. In resting PBMC
5FU can only be metabolized to be incorporated into RNA. This incorporation was
somewhat lower than in normal mucosa and substantially lower than in tumors and
colon cancer cell lines [23],[24]. Therefore myelotoxicity at bolus 5FU might be
related to its incorporation into RNA, also because this is prevented by uridine [28].
Possibly this incorporation is mediated by direct phosphoribosylation of 5FU to FUMP,
which has a relatively high activity in lymphocytes [27] compared to UP. In addition,
it has been shown that the RNA directed reaction might be enhanced through the
orotate phosphoribosyl transferase (OPRT) mediated reaction [29].
The highest specific activity was seen for TdR converted by TP. Although UP
was strictly responsible for Urd conversion in the PBMC, it was still about 70% lower
than TdR conversion by TP. This can partially be explained by the high substrate
affinities of these enzymes for their respective substrates leading to a more efficient
substrate conversion. Additionally, in the samples of the tested donors the PBMC
have significantly higher TP enzyme levels compared to UP levels.
In PBMC the conversion of 5'DFUR or 5FU into 5FU or FUrd, respectively, are
both catalyzed by TP and UP, but the TPI and BAU mediated enzyme inhibition
showed that TP is responsible for the highest conversion (about 80%). This was
confirmed by the TPI induced reduction of 5'DFUR cytotoxicity to PBMC, in contrast
to the minor effect of BAU. Surprisingly, both TPI and BAU could not completely
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inhibit Urd phosphorolysis since 5% Urd was converted into uracil. As suggested
previously for other tissues [30], it might be possible that other pyrimidine
phosphorylases have activity in PBMC. Liu et al. [31] previously identified variant UP
phosphorolytic activity in human tumor cells, which can only be partially inhibited by
BAU, and therefore might also be responsible for the remaining Urd phosphorolysis in
PBMC.
Monocytes, a subset of the PBMC, have a very low TP activity, however,
monocyte-derived MØ and DC have a significantly higher TP activity (>4-fold;
p<0.05). Whether this has a function in the differentiation process or is a
consequence of this process remains to be determined. However, it is well known
that TP is induced by a multitude of cytokines (e.g. TNF-alpha, IFN-gamma or IL-1)
[10], which are also produced and involved in the differentiation process. Zhu et al.
showed in THP1 cells that differentiation into MØ involved TNF-alpha and the
NFkappa-B pathway and that this influenced the TP expression [13]. DC had a 2-fold
higher TP activity than MØ, which might be a result of higher production of cytokines
and subsequent autocrine effect.
We demonstrated that both TP and UP contributed in the conversion of
5'DFUR into 5FU and the conversion of 5FU into its active metabolites in PBMC, but
TP seems to be the most important enzyme for these reactions in PBMC. Still, UP
may play a significant role in the conversion of 5FU prodrugs (reviewed in [7]),
because both TP and UP levels are often elevated in tumors, which will enhance the
activation of fluoropyrimidines at the tumor site. We observed significant TdR
degradation by MØ, indicating that MØ-TP might be the main enzyme responsible for
the conversion of 5'DFUR into 5FU, because TP is expressed to a large extent in
tumor infiltrating cells and less by e.g. colon cancer cells [21],[32],[12].
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ABSTRACT
Trifluorothymidine (TFT) is a fluoropyrimidine that is part of the novel
combination metabolite TAS-102, in which TFT is combined with a potent thymidine
phosphorylase

inhibitor

(TPI).

TAS-102

is

currently

tested

as

an

orally

chemotherapeutic agent in different schedules in a phase I study. In its
monophosphate form TFT can inhibit thymidylate synthase (TS) activity after binding
to the TS-nucleotide binding site leading to dTTP depletion, and in its triphosphate
form TFT is incorporated into DNA, eventually leading to DNA damage. In this in vitro
study we investigated whether TFT could potentiate cytotoxicity of the antifolatebased TS inhibitors AG337 (Nolatrexed), ZD1694 (Raltitrexed) and GW1843; and
whether increased TS inhibition or DNA damage would be related to this result.
The drug combinations were studied in colon cancer cell lines either grown at
low or high folate conditions. Multiple drug effect analysis was performed after
measuring growth inhibition when the drugs were combined (MTT Assay) and
expressed as Combination Index (CI), where CI<0.9 indicates synergism, CI=0.9-1.1
indicates additivity and CI>1.1 indicates antagonism. Drug target analysis was
performed using the TS in situ inhibition assay and the FADU DNA-damage assay.
Cells were exposed to either the drugs alone or in combination to determine the
effect on TS activity and DNA damage induction, respectively.
Three experimental procedures were used to test the interaction of the drugs:
either one of the drugs was kept at a constant concentration (IC25) or two drugs
were added in a 1:1 IC50 -based molar ratio. The combinations of TFT with one of the
antifolates in which one of the drugs was kept at a constant concentration were
synergistic for all antifolates in WiDr/F cells, which grow in low folate medium
(CI=0.6-0.8), but only additive to antagonistic for the cell lines growing in high folate
medium: TFT-AG337: CI=0.9-2.3; TFT-ZD1694: CI=0.9-1.3; TFT-GW1843: CI=0.81.7. The procedure in which the two drugs were added in a 1:1 IC50 -based molar
ratio showed antagonism for all three combinations in all cell lines (CI>2.7). TS
inhibition (14.3%) and DNA damage (8%) were more pronounced than expected
(p<0.05) when TFT was combined with GW1843 in WiDr/F cells, in contrast to
AG337 and ZD1694, which showed inhibiting effects as expected (additive).
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The combination of TFT with the antifolates AG337, ZD1694 and GW1843 is
mainly additive when the drugs are given simultaneously and this is mediated by an
additive TS inhibition and DNA damage. The drug interaction may partly be
dependent on the folate homeostasis since WiDr/F cells growing at low folate
conditions show pronounced synergism in growth inhibition, two-sided TS inhibition
and DNA damage, especially when TFT is combined with the tight-binding TS
inhibitor GW1843.

INTRODUCTION
In the treatment of colorectal cancer, most chemotherapy regimens used at
present consist of combinations of drugs. Often 5-Fluorouracil (5FU) is combined with
other cytostatic agents to improve the response rates [1],[2],[3]. In colorectal cancer
the expression of thymidylate synthase (TS) [4] is usually high. TS is a rate-limiting
enzyme in the pyrimidine de novo deoxynucleotide synthesis and therefore is an
excellent target for chemotherapeutic strategies [5],[6]. TS catalyzes the methylation
of

2'-deoxyuridine-5'-monophosphate

(dUMP)

to

2'-deoxythymidine-5'-

monophosphate (dTMP), where 5,10-methylene-tetrahydrofolate (CH2-THF) serves
as the methyl donor in the reaction [7]. TS can be inhibited by a variety of cytotoxic
agents, which are active against colon cancer in clinical trials [8],[9],[10],[11].
Besides 5-Fluoro-2’-deoxyuridine-5'-monophosphate (FdUMP), a metabolite
derived from 5FU, TS can also be inhibited by the fluorinated dUMP analog 5trifluoro-2’-deoxythymidine-5'-monophosphate (TF-TMP), the phosphorylated product
from trifluorothymidine (TFT) [12],[13]. TFT enters the cell by a nucleoside
transporter, although the contribution of the concentrative and equilibrative
nucleoside transporters is not known. Furthermore, TFT is part of the novel
combination TAS-102 [14],[15],[16], which is currently tested in a phase I study as
an oral chemotherapeutic regimen given in different schedules [17]. In contrast to
FdUMP, TF-TMP does not form a stable ternary complex and binds covalently to the
active site of TS [12],[18].
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Antifolates have been extensively studied as anticancer drugs [19]. Antifolates
inhibit TS directly by binding to the CH2-THF binding site of TS, such as AG337
(Nolatrexed or Thymitaq) [20],[21], ZD1694 (Raltitrexed or Tomudex) [22] and
GW1843 (1843U89) [23],[24]. ZD1694 and GW1843 enter the cell via the reduced
folate carrier (RFC) [25] and need folylpolyglutamate synthetase (FPGS) to inhibit TS
effectively. AG337 enters the cell by passive diffusion and does not need to be
polyglutamated to become more active. Antifolates have been studied in combination
with 5FU in vitro and were shown to be mainly additive when given simultaneously
depending on scheduling [26]. Caponigro et al. [27] summarized that combining
ZD1694 and 5FU resulted in a well-tolerated schedule-dependent synergism in
different clinical studies.
Since TFT and antifolates all inhibit TS, we hypothesized that they might
enhance each other in TS inhibition. Inhibition of TS results in depletion of dTTP and
an increase in dUTP in the cell, the so-called thymine-less state, thereby causing
misincorporation of dUTP into DNA [28],[29]. In addition, the triphosphate form of
TFT (TF-TTP) can also be incorporated into the DNA leading to DNA strand breaks
[16],[30]. The imbalance in dTTP/dUTP and DNA damage induction probably results
in an induction of downstream events leading to cell death [31].
In the present study, we aimed to determine whether sensitivity of colon
cancer cells to antifolates could be increased by two-sided TS inhibition by addition of
TFT. For this purpose, we used several colon cancer cell lines to investigate the
effect of different combinations of TFT with the antifolates AG337, ZD1694 and
GW1843 on inhibition of cellular growth, inhibition of TS and DNA damage induction.

MATERIALS & METHODS
Chemicals
TFT was synthesized and kindly provided by Taiho Pharmaceuticals Co. (Tokushima, Japan).
The

antifolates

AG337,

ZD1694

and

GW1843

were

provided

by

Pfizer/Agouron

Pharmaceuticals Inc. (La Jolla, CA, USA), AstraZeneca Pharmaceuticals Ltd. (Macclesfield,
UK) and GlaxoSmithKline Inc. (Research Triangle Park, NC, USA), respectively. 3-[4,5dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) was obtained from Sigma138
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Aldrich Chemicals (Zwijndrecht, The Netherlands). [5-3H]-2’-deoxycytidine (specific activity
23 Ci/mmol) was purchased from Moravek Biochemicals Inc. (Brea, CA, USA). All other
chemicals were of analytical grade and commercially available.

Cell cultures
Three colon cancer cell lines were used for the experiments including H630, WiDr and
Colo320 [32],[33]. These cell lines were cultured in DMEM medium supplemented with 10%
heat-inactivated fetal calf serum (FCS; Gibco BRL, Breda, The Netherlands) and 20 mM
Hepes (Cambrex BioScience, Verviers, Belgium). Because this mixture contains 8.8 µM folic
acid, which may influence the antiproliferative effects of TFT and antifolates, we used the
WiDr subline WiDr/F, which was adapted to grow on low folate conditions [34]. WiDr/F was
cultured in folate-free RPMI 1640 medium supplemented with 10% heat-inactivated and
dialyzed FCS, 20 mM Hepes, 2 mM glutamine and 2.5 nM dl-leucovorin (LV; folinic acid). This
did not affect the doubling time. Both DMEM and RPMI 1640 culture media were obtained
from Cambrex BioScience (Verviers, Belgium). All four cell lines grew as adherent monolayers
in a humidified atmosphere containing 5% CO2 at 37 ºC and were maintained in exponential
growth.

Growth inhibition studies
To assess cytotoxicities to TFT and the antifolates the MTT assay was used [35],[36]. In
brief, a suspension of 5,000 cells/100 µl of medium was added to each well of Costar flatbottomed 96-well plates (Corning Inc., NY, USA). After 24 hr incubation, 100 µl drug
containing medium was added to the wells in different concentrations and plates were
incubated for another 72 hr. Subsequently, the medium was removed from the wells and
cells were incubated in 50 µl of MTT solution (end conc. 0.42 mg/ml medium) for 3 hr at
37°C. The formazan crystals were dissolved in 150 µl of DMSO (Merck, Darmstadt, Germany)
and absorbance was read at 540 nm using Spectra Fluor (Tecan, Salzburg, Austria). The IC25
and IC50 growth inhibition values were expressed as the concentrations that corresponded to
a reduction of cellular growth by 25 and 50% respectively when compared to values of
untreated control cells.

Multiple drug effect analysis
All cell lines were exposed to TFT, the antifolates or a combination of TFT with an antifolate
(simultaneously). Three combination variants were used to test the interaction of the drugs:
1) combination of various concentrations of an antifolate with a constant concentration of
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TFT (IC25); 2) combination of various concentrations of TFT with a constant concentration of
an antifolate (IC25) or 3) various concentrations of the two drugs were added in a fixed 1:1
IC50-based molar ratio. Using the MTT assay dose-effect curves were generated to obtain the
IC25 and IC50 values and to perform multiple drug effect analysis using Calcusyn software
(Biosoft, 1996). This program is based on the method of Chou and Talalay [37], which is
distinct from other methods by the fact that both 'potency' and 'shape' of dose-effect curves
of drugs and their combinations are taken into account [1]. This method has been used
before in combination studies with anticancer agents [38],[26].
Each fraction affected (FA) was calculated by comparing the absorbance values of
drug treated wells to the absorbance of the control wells. A drug concentration that induces
FA=0.25 means a decrease in absorbance and growth of 25% (=IC25 concentration).
Background absorbance was set at FA=1. The program only allows using FA values in the
range 0.01<FA<0.99. From the median drug effect plots the dose that reduced absorbance
by 50% (Dx) and the slope (m) were calculated. The data were only applicable to this
method of analysis when the linear correlation coefficient r of each obtained curve was >0.9.
The program uses the formula D1-FA=Dx[FA/(1-FA)]1/m to calculate the doses of the separate
drugs and combination required to induce various levels of cytotoxicity. For each level of
cytotoxicity a mutually non-exclusive combination index (CI) was calculated using the
formula: CI= [(D)1/(D1-FA)1] + [(D)2/(D1-FA)2] + [α(D)1(D)2/(D1-FA)1(D1-FA)2]. The parameters
(D)1 and (D)2 represent the doses of the combination of drugs in a fixed ratio, whereas (D1FA)1

and (D1-FA)2 are the doses of the individual drugs resulting in the effect 1-FA and α=1 for

mutually non-exclusive drugs. Examples of Dose-FA and FA-CI plots are given in Figures 1
and 2. In this method, according to the guidelines of the program, a CI<0.9 indicates
synergism whereas CI=0.9-1.1 indicates additivity and CI>1.1 indicates antagonism. A mean
CI was calculated from datapoints with FA>0.5 for the combination variants 1 and 2 and for
the combination variant 3 a mean CI was calculated from the FA values 0.6, 0.75 and 0.9.
We considered FA<0.5 as not relevant growth inhibition [1].

TS in situ inhibition assay
Inhibition of TS in intact cells was determined by measuring the conversion of [5-3H]-dUMP
to dTMP and 3H2O catalyzed by TS, based on a previously described assay [39], and partly
modified by our group [40]. Briefly, 2.5x105 cells/2 ml/well in Costar 6-well plates were
incubated for 24 hr with or without (controls) the drugs. [5-3H]-2’-deoxycytidine (final
concentration 1 µM) was added 2 hr before the end of the incubation period. Blanks
containing culture medium were also included. A 200 µl sample from the culture medium was
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taken and the reaction was stopped by addition of trichloroacetic acid (17.5% end
concentration). The unconverted [5-3H]-2’-deoxycytidine was removed by precipitation using
activated charcoal. After centrifugation, the supernatants were transferred to liquid
scintillation vials and counted for radioactivity. TS catalytic activity in cellular extracts was
also measured using the tritium release assay [33].
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Figure 1. Representative DoseEffect (A) and FA-CI (B) plots for a
combination of GW1843 with a
fixed concentration of TFT in
WiDr/F cells. GW1843 was added at
various concentrations (GW1843v) and
TFT was kept at a constant IC25 concentration (TFTc). (■)= TFTv; (●)=
GW1843v; (▲)= GW1843v + TFTc. An
average CI value was calculated from
datapoints with FA>0.5, in this
example CIavg = 0.64.
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Figure 2. Illustrative FA-CI plots for the combination TFT-GW1843 using a fixed ratio. TFT
and GW1843 were combined in various concentrations in a ratio based on their IC50 values. An
average CI value was calculated from datapoints with FA = 0.6, 0.75 and 0.9, in these examples all
CIavg>3.4 (=antagonism). See also Materials and methods.
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For the combination studies, the concentrations of TFT and antifolates used were
based on an expected inhibition of TS by each drug of 20-50% in order to evaluate the
effects of the combinations. TFT was combined with the different antifolates simultaneously
at these concentrations in order to determine whether inhibition of TS was changed.
Representative TS inhibition curves induced by TFT for the colon cancer cell lines are
depicted in Figure 3. Fractional effect analysis was performed to predict the effect of two
drugs by multiplying the relative effects of each single drug to compare it with the observed
effect of the combination at the same concentrations of the single drugs [1]. The effect of
the two drugs are synergistic when measured value < predicted value, additive when
measured value = predicted value and antagonistic when measured value > predicted value.

in situ TS activity (%)
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10

100

1000

10000
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Figure 3. Representative TS inhibition curves by TFT in H630 (●), WiDr (■), WiDr/F ()
and Colo320 (▲). The cell lines were exposed to a concentration range of TFT.

FADU DNA damage assay
Differences in DNA damage between TFT, AG337, ZD1694, GW1843 or a combination of TFT
with one of the antifolates was determined by the FADU assay (Fluorometric Analysis of DNA
Unwinding) [26],[41]. The assay is based on the principle that the unwinding rate of double
stranded DNA (dsDNA) in an alkaline environment is related to the extent of dsDNA breaks
induced by the drugs (detected with ethidium bromide). DNA with high amount of strand
breaks will unwind faster than DNA without strand breaks. DNA strand breaks were
measured after 48 hr exposure of WiDr and WiDr/F cells to the drugs alone or in
combination. Concentrations of the single drugs were chosen that at least 60% of the dsDNA
was still double stranded compared to the controls (the untreated cells). Cells were also
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exposed to 50 µM etoposide 2 hr before harvesting as a positive control for DNA strand
break formation. To predict the effect of a combination of drugs fractional effect analysis was
performed, as described for the TS in situ inhibition.

Statistics
The Student's t-test for paired data was used for statistical analysis of data with two
parameters. Changes were considered to be significant when p<0.05.

RESULTS

Evaluation of the combination TFT with the antifolates
The sensitivities of the cell lines for TFT and the antifolates AG337, ZD1694
and GW1843 are summarized in Table 1. The IC50 values were also used to calculate
the drug ratios for the fixed ratio combinations. The cell lines were least sensitive to
TFT and AG337 (all IC50 values > 450 nM) and most sensitive to ZD1694 and
GW1843 (all IC50 values < 25 nM). GW1843 was the most potent inhibitor of cellular
growth (all IC50 values 2.2 nM or lower). The WiDr/F cell line growing on low folate
conditions was more sensitive to all drugs compared to its parental cell line WiDr and
also more sensitive to the antifolates compared to the other cell lines. H630 was
most sensitive to TFT.
FA values were obtained after exposure of cells to a series of drug
concentrations of TFT and/or antifolate, depending on the combination variant. The
combinations of TFT with the antifolates were evaluated using the FA-CI plots (see
Figures 1 and 2). The mean CI values of all combination variants are given in Table
2. The combinations of TFT with one of the antifolates in which one of the drugs was
kept at a constant concentration was not more than additive and was cell line
dependent

(TFT-AG337:

CI=0.9-2.3;

TFT-ZD1694:

CI=0.9-1.3;

TFT-GW1843:

CI=0.8-1.7), except for WiDr/F, where all three drug combinations showed CI=0.60.8 and were clearly synergistic. Since we previously observed an aberrant binding
pattern of GW1843 to TS [42], we also investigated preincubation with the antifolate.
However, the CI did not change when WiDr/F cells were preincubated 24 hr with
GW1843 prior to TFT exposure. The combination variant in which the two drugs were
added in a 1:1 IC50-based molar ratio showed antagonism for all drug combinations
in all cell lines (CI>2.7).
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Table 1.

Growth inhibition of the drugs and TS levels for the colon cancer cell lines.

G row th inhibition ( IC 5 0 values in nM )
TF T #

C ell line

A G 337 #

ZD 1694 #

B as al TS levels
at 10 uM dU M P #

G W 1843

(pmol/hr /10 6 c ells )

H 630
W iD r
W iD r/F
C olo320

453 ± 114
2025 ± 527
900 ± 287
533 ± 133

3052 ± 506
4840 ± 392
1733 ± 233
8750 ± 1750

21.3 ± 0.3
8.0 ± 1.3
2.0 ± 0.9
7.4 ± 2.4

2.2
1.5
0.6
1.5

±
±
±
±

0.7
0.7
0.2
0.2

425 ± 42
131 ± 3
148 ± 21
376 ± 86

F dU M P binding #
( f mol/10 6 c ells )

171 ± 20
64 ± 4
22 ± 10
230 ± 59

Growth inhibition was determined as described in Materials and methods. Values are Means ± SEM of 3-5 experiments. # partly published: [4], [14], [42].

Table 2.

Combination Index values of TFT combined with the antifolates AG337, ZD1694 or GW1843 for the colon cancer cell lines.

TFT+AG337 combination
Cell line
H630
WiDr
WiDr/F
Colo320

TFTc
0.9 ±
1.2 ±
0.7 ±
1.6 ±

0.2
0.2
0.1
0.1

TFTv
2.3 ±
1.0 ±
0.8 ±
1.5 ±

0.6
0.1
0.1
0.3

fixed ratio
5.7 ±
3.6 ±
2.8 ±
4.3 ±

0.9
0.8
1.4
0.5

TFT+ZD1694 combination
TFTc
1.1 ±
1.0 ±
0.8 ±
0.9 ±

0.2
0.2
0.2
0.1

TFTv
1.3 ±
0.9 ±
0.6 ±
1.3 ±

0.3
0.1
0.1
0.3

fixed ratio
3.3 ±
4.7 ±
4.3 ±
4.0 ±

1.1
0.7
0.7
1.2

TFT+GW 1843 combination
TFTc
1.7 ±
1.2 ±
0.6 ±
0.8 ±

0.3
0.1
0.1
0.1

TFTv
1.1 ±
1.2 ±
0.6 ±
1.7 ±

0.2
0.2
0.2
0.4

fixed ratio
3.1 ±
3.4 ±
3.5 ±
2.8 ±

0.5
0.5
0.9
1.3

Interpretation of CI values: CI < 0.9 = synergism; 0.9 < CI < 1.1 = additive; CI > 1.1 = antagonism. TFTc: combination of 2 drugs in which TFT was kept at
a constant concentration (IC25); TFTv: combination of 2 drugs in which an antifolate was kept at a constant concentration (IC25); fixed ratio: the two drugs
were added in a 1:1 IC50-based molar ratio. For each experiment a mean CI was calculated from all datapoints with FA>0.5 for all TFTc- and TFTvcombinations, and FA = 0.6, 0.75 and 0.9 for the fixed ratio-combinations. CI ≤ 0.8 are indicated in bold. Values (mean CI ± SEM) depicted here are based
on 3-4 separate experiments.
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In situ TS inhibition
To evaluate whether the interaction of the drugs was due to TS inhibition we
studied the effect of the drugs on in situ TS inhibition. Cells display a 3 to 4-fold
difference in basal TS levels, but the TS levels were similar in WiDr and WiDr/F cells
(Table 1). In order to evaluate in situ TS levels and inhibition, the colon cancer cell
lines were exposed to concentrations inhibiting TS by at least 20%. These
concentrations were based on the TS inhibition curves obtained after exposure of
cells to a concentration series of the drugs (see Figure 3). TS is inhibited most
pronounced in WiDr/F cells and the highest TFT concentration to inhibit TS by 50%
was required for H630 cells. The effect of each drug on the in situ TS activity in cells
was used to predict the inhibition of the combinations. The expected and observed in

situ TS inhibition is depicted in Figure 4. In most cell lines the effects were additive,
except in H630 cells, where a synergistic effect was induced for all three
combinations (p<0.01). GW1843 induced more TS inhibition with TFT in both WiDr
(4.3%) and WiDr/F cells (14.3%; p<0.01) than expected. In WiDr/F cells more TS
inhibition was also seen for the combination TFT-ZD1694 (13.7%; p<0.05) but not
AG337 (additive).
0.70

Relative in situ TS activity

observed
expected
0.60

*
0.50

**

0.40

0.30

**

** **

0.20

*

*
*

0.10

0
AG ZD GW

AG ZD GW

H630

WiDr

AG ZD GW

WiDr/F

AG ZD GW

Colo320

Figure 4. In situ TS inhibition by TFT in combination with antifolates in the colon cancer cell
lines. Cells were exposed for 24 hr to TFT alone or in combination with antifolates simultaneously. TS in
situ inhibition was measured by production of 3H2O. The single drug concentrations were: H630: 60 nM
TFT, 422.5 nM AG337, 7.25 nM ZD1694, 1.1 nM GW1843; WiDr: 15 nM TFT, 102.5 nM AG337, 0.6 nM
ZD1694, 0.27 nM GW1843; WiDr/F: 1.5 nM TFT, 80 nM AG337, 0.38 nM ZD1694, 0.34 nM GW1843;
Colo320: 10 nM TFT, 250 nM AG337, 2 nM ZD1694, 1 nM GW1843. Values are Means ± SEM of 3-5
separate experiments. Significant differences between expected and observed values: * p< 0.05
** p< 0.01. TS activityexp= [rel. TS activityTFT] x [rel. TS activityantifolate].
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DNA strand break formation
Since TFT can induce DNA damage next to and/or because of TS inhibition,
we evaluated whether this effect was enhanced in the combinations. The FADU DNA
damage assay demonstrated that more DNA strand breaks were seen in WiDr and
WiDr/F cells for the combinations than for TFT alone (p<0.05; Figure 5). The most
pronounced effects were seen for the combinations with GW1843, which were
significantly better than expected in WiDr and WiDr/F (8%, p = 0.05). For the
combinations of TFT with AG337 or ZD1694 only additive effects were seen in both
WiDr and WiDr/F cells; not more DNA strand breaks were seen than expected from
the effects of the two single drugs.

WiDr/F

Control

Control

AG337

AG337

Drugs

Drugs

WiDr

ZD1694

GW1843

Single drug
+TFT
Expected

*
0

20

40

60

(%) dsDNA

80

100

120

ZD1694

GW1843

Single drug
+TFT
Expected

*
0

20

40

60

80

100

(%) dsDNA

Figure 5. DNA damage induced by TFT and the antifolates in WiDr and WiDr/F. Cells were
exposed to TFT with or without antifolates and DNA damage was measured with the FADU assay. The
single drug concentrations were: WiDr: 3 µM TFT, 6 µM AG337, 10 nM ZD1694, 2.5 nM GW1843;
WiDr/F: 1.5 µM TFT, 2.5 µM AG337, 2.5 nM ZD1694, 1 nM GW1843. Values are Means ± SEM of 4
separate experiments. Significant differences between expected and observed values: * p = 0.05. (%)
dsDNAexp= [((%)dsDNATFT/100) x ((%)dsDNAantifolate/100)] x100%.

DISCUSSION
In the present study, we demonstrated the folate-status of cells may be an
important determinant in the induction of a synergistic interaction with an antifolate.
WiDr/F cells growing in low physiological folate conditions are more sensitive to twosided inhibition of TS than WiDr. The combinations of TFT with the antifolates
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AG337, ZD1694 or GW1843 are mainly additive for the cell lines growing in high
folate containing medium. The low folate status possibly increases the binding of
antifolates to the TS co-factor binding site, resulting in a synergistic effect between
TFT and antifolates. Although the antifolates are not all competitive inhibitors of TS,
folate levels in medium and cells are an important determinant of the efficacy of the
antifolates [43],[25], because culture conditions will reduce folate pools in colon
cancer cells about 10-fold (unpublished data), thereby also reducing the availability
of folates for other folate-requiring processes. This is clearly shown by the more
potent TS in situ inhibition by TFT and antifolates in WiDr/F cells compared to WiDr
cells despite comparable TS levels in the cells (Figure 3;[44]). Therefore it can be
concluded that low intracellular folate levels will enhance the efficiency of TS
inhibitors, and possibly also the interaction between two types of TS inhibitors,
nucleotide- and folate-directed. A relative moderate increase to 50 nM LV is already
very effective to abrogate antifolate effects [25], which is the reason why the
experiments were performed at very low folate levels.
The interaction between TFT and antifolates may have some similarities to
5FU. FdUMP is a very potent TS inhibitor with a Ki of about 1 nM [45]. Our group
previously showed that antifolates could enhance FdUMP-mediated TS inhibition in
TS-overexpressing cells when exposed to 5FU. Especially at low antifolate
concentrations (<0.3 µM) FdUMP binding to human TS can be facilitated, but is
dependent on polyglutamate status [42]. We previously showed that TS inhibition by
TF-TMP in cancer cells is rapid [46]. TF-TMP binds covalently to TS and does not
form a stable ternary complex in contrast to 5FU, which forms a stable FdUMP-TSCH2THF complex. Thus after removal of TFT from medium TS activity restores more
rapidly than after 5FU removal.
Because TFT induces dTTP depletion we expected to see an increased TS
inhibition in combination with antifolates resulting in higher cytotoxicity, which might
be related to an increase in TF-TMP-TS binding. This was only seen in WiDr/F cells
growing in low folate medium and most pronounced for the TFT-GW1843
combination. When these drugs were added simultaneously, synergistic effects were
seen, both on the level of DNA damage induction and inhibition of TS. This was not
shown for GW1843 preincubation, which can be explained by the high affinity of this

147

Chapter 8

compound for TS ([47]; Ki = 0.09 nM) and its unique way of binding to TS [42],[48].
In contrast to GW1843 and ZD1694, AG337 was less cytotoxic to the colon cancer
cell lines. AG337 enters the cell by passive diffusion and does not need
polyglutamylation to become more active and therefore migrates easier out of the
cell. ZD1694 and GW1843 need polyglutamylation to be retained in the cell and bind
to TS more easily. In addition, Longo et al. [49] previously showed that FdUMP
mediated inhibition of TS can be increased by ZD1694 ([8]; Ki = 1 nM) when
preincubated with the antifolate, eventually leading to higher cytotoxicity.
The combinations in which TFT and an antifolate were added to the medium
in a fixed 1:1 IC50 -based molar ratio showed antagonistic effects, even for WiDr/F
cells. In this combination variant dUMP levels are likely to be more increased at high
antifolate levels, leading to an increased competition between dUMP and TF-TMP for
binding to the substrate-binding site of TS, especially at FA>0.5. Only at low TFT and
antifolate concentrations synergism was observed for the 1:1 ratio combinations,
possibly because dUMP levels would still be very low and two suboptimal inhibitory
levels would add up. At high concentrations of both drugs growth inhibition would be
too high for each drug separately. In growth inhibition experiments with variable
ratio, the ratio between antifolate and TFT concentrations will decrease, thereby
diminishing the competition between dUMP and TF-TMP. Furthermore, the
cooperativity of the antifolates in the binding of TF-TMP to TS may be negative at
FA>0.5 concentrations, as previously shown for the antifolates on FdUMP-binding to
TS. Positive cooperation between the drugs was shown at concentrations in the low
micromolar range (expressed as Hill coefficients) [42]. This would favor to combine
TFT with a low and constant antifolate concentration, which would induce synergistic
effects, since a similar enhancing effect would be seen at each TFT concentration.
These data indicate that a fixed ratio is not always recommended to study synergistic
effects between drugs properly, especially when the slopes of the growth inhibition
curves are different, indicating different kinetics of inducing growth inhibition. Using
one drug at a fixed concentration enables to compare the drugs more properly, since
the effect of one drug would be similar while only the effect of the other drug
changes. E.g. TFT in the formulation TAS-102 is given orally several times a day,
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leading to plasma concentrations in a small range; TS inhibition (Figure 3) will be
similar as well as DNA damage.
Alternatively, thymidine nucleotides produced via the TK salvage pathway
might antagonize TS inhibition. This can be mediated by replenishing the TdR levels
after depletion of nucleotide pools. Thymidine is not added to the culture medium
and will not be able to replenish the thymidine nucleotide pools. Although some
thymidine is present in fetal calf serum, this is very low and will be depleted very
rapidly during culturing [40]. Therefore, differences in thymidine rescue are unlikely
to play a role in the synergism in WiDr/F cells compared to WiDr cells.
The effect of TS inhibition may be dependent on folate status when cancer
cells are exposed to antifolate based direct TS inhibitors. Maximum additive TS
inhibition could be achieved when the antifolates were combined with TFT, but only
at low folate conditions; at normal folate conditions the incorporation of dUTP is
likely to be decreased. In contrast, the antitumor mechanism of TFT is primarily
incorporation into the DNA resulting in the induction of DNA fragmentation (see also
[16],[30]), which was enhanced when TFT was combined with GW1843. This
antifolate is currently known as the liposomal formulation OSI-7904L [50]. Therefore,
we can conclude that the antitumor effects of this formulation might be potentiated
by TAS-102.

In addition, TAS-102 and the novel multi-targeted drug Alimta

(pemetrexed, LY231514) might be a more favorable combination. Alimta has recently
been approved for use in the treatment of patients with malignant pleural
mesothelioma [51].
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ABSTRACT
Oxaliplatin (OHP) is an anticancer agent that acts by formation of Pt-DNA
adducts resulting in DNA strand breaks and is used for the treatment of colorectal
cancer. The pyrimidine analog trifluorothymidine (TFT) forms together with a
thymidine phosphorylase inhibitor (TPI) the anti-cancer drug formulation TAS-102, in
which TPI enhances the bioavailability of TFT in vivo. In this in vitro study the
combined cytotoxic effects of OHP with TFT were investigated in human colorectal
cancer cells as a model for TAS-102 combinations.
In a panel of 5 colon cancer cell lines (WiDr, H630, Colo320, SNU-C4,
SW1116) we evaluated the OHP-TFT drug combinations using the multiple drugeffect analysis with CalcuSyn software, in which the Combination Index (CI) indicates
synergism (CI<0.9), additivity (CI=0.9-1.1) or antagonism (CI>1.1). Drug target
analysis was used for WiDr, H630 and SW1116 to investigate whether there was an
increase in Pt-DNA adduct formation, DNA damage induction, cell cycle delay and
apoptosis.
TFT combined with OHP resulted in synergism for all cell lines (all CI<0.9).
This was irrespective of schedule in which either one of the drugs was kept at a
constant concentration (using variable drug ratio) or when the two drugs were added
in a 1:1 IC50-based molar ratio. Synergism could be increased for WiDr using
sequential drug treatment schedules. TFT increased Pt-DNA adduct formation
significantly in H630 and SW1116 (14.4% and 99.1% respectively; p<0.05). Pt-DNA
adducts were retained best in SW1116 in the presence of TFT. More DNA strand
breaks were induced in SW1116, and the combination increased DNA damage
induction (>20%) compared to OHP alone. Exposure to the drugs induced a clear cell
cycle S-phase arrest, but was dose-schedule and cell line dependent. TFT and OHP
both induced apoptosis, which increased significantly for WiDr and SW1116 after
TFT-OHP exposure (18.8% and 20.6% respectively; p<0.05). The basal protein
levels of ERCC1 DNA repair enzyme were not related to the DNA damage that was
induced in the cell lines.
In conclusion, the combination of TFT with the DNA synthesis inhibitor OHP
induces synergism in colorectal cancer cells, but is dependent on the dose and
treatment schedule used.
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INTRODUCTION
Most chemotherapy regimens used in the treatment of colorectal cancer
consist of combinations of drugs to increase the therapeutic efficacy [1]. The most
common combinations include the fluoropyrimidine 5-fluorouracil (5FU) [2],[3],[4],
together with irinotecan (CPT-11), oxaliplatin (OHP) or more recently several
targeted agents [5]. For the platinum (Pt) analog OHP synergism with 5FU and
leucovorin (LV) has been shown, while the drug shows little toxicity overlap and the
combination has superior activity compared to 5FU/LV alone. OHP is combined with
5FU/LV (FOLFOX and FLOX) regimens [6],[7],[8], or in combination with the 5FU
prodrug capecitabine (XELOX) [9] or CPT-11 [10].
OHP is also active against other malignancies [11], and additive or synergistic
effects with other anticancer drugs can be induced [12]. OHP has distinct
biochemical, pharmacological and cytotoxic properties compared to the related
platinum compounds cisplatin and carboplatin [13], and shows no cross-resistance.
All platinum compounds are cell cycle phase nonspecific and undergo nonenzymatic
conversion to their active derivatives. They can react with DNA mainly by formation
of Pt-DNA intrastrand adducts, but also by formation of interstrand and DNA-protein
cross-links, thereby blocking DNA replication and transcription [14]. Unlike the former
two agents, OHP carries the diaminocyclohexane (DACH) ligand, which allows DNA
lesions to avoid DNA mismatch repair and DNA damage recognition pathways [15].
The formation of DACH-Pt-DNA adducts eventually results in DNA strand breaks
leading to the induction of apoptosis [16]. Since 5FU-resistance is regularly observed,
other combinations enhancing OHP are of major interest to bypass 5FU-resistance.
Murakami et al. [17] previously showed that the fluoropyrimidine trifluorothymidine
(TFT; trifluridine) was able to exert cytotoxicity against 5FU-resistant DLD-1 colon
cancer cells.
TFT is currently used as an antiviral agent [18] and is part of the novel oral
antitumour drug preparation TAS-102 [19],[20],[21], which also consists of the antiangiogenic thymidine phosphorylase inhibitor TPI [22],[23],[24]. TAS-102 is currently
evaluated in different treatment schedules in phase I clinical trials [25]. TFT acts by
incorporation into DNA leading to DNA strand breaks [26], and by inhibition of
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thymidylate synthase (TS) [19],[27],[28], one of the major rate-limiting enzymes in
DNA synthesis. In contrast to 5FU, TFT is not incorporated into RNA and does not
need folates to form a ternary complex with TS. TFT is converted by thymidine
kinase (TK) to 5-trifluoro-2’-deoxythymidine-5'-monophosphate (TF-TMP), which
binds covalently to the active site of TS to inhibit its activity [28],[29]. TS inhibition
results in an induction of a series of downstream events, eventually leading to cell
death [30]. These properties make TFT a suitable candidate to be combined with
OHP, since both agents cause DNA damage and incorporation of TFT into DNA
opposite to adenosine might affect the A-A-adduct formations.
In various colorectal cancer cell lines we evaluated the interaction between
the dual-targeted TFT and OHP in relation to formation of Pt-DNA adducts and the
induction of DNA strand breaks, cell cycle delay and apoptosis.

MATERIALS & METHODS
Materials
Dulbecco's Modified Eagle's Medium (DMEM) and Hepes buffer were purchased from
Cambrex BioScience (Verviers, Belgium) and fetal bovine serum (FBS) from Greiner Bio-One
(Frickenhausen, Germany). TFT was synthesized and provided by Taiho Pharmaceuticals Co.
(Tokushima, Japan). Oxaliplatin was a gift from Sanofi-Synthelabo Inc. (Lyon, France).
Sulforhodamine B (SRB) protein dye and propidium iodide (PI) were purchased from SigmaAldrich Chemicals (Zwijndrecht, The Netherlands). Bovine serum albumin (BSA) was obtained
from Merck (Darmstadt, Germany). The PVDF membranes, ECL Hyperfilms and ECL Plus
detection kit were obtained from Amersham Biosciences (Buckinghamshire, UK). The primary
antibodies mouse-anti-human MLH1, MSH2, ERCC1, β-tubulin were purchased from Zymed
Lab Inc. (San Francisco, CA, USA), Oncogene Research Products (Cambridge, MA, USA),
NeoMarkers Inc. (Fremont, CA, USA) and BD Biosciences (San Jose, CA, USA), respectively.
The secondary peroxidase-conjugated antibodies were purchased from DAKO (Glostrup,
Denmark). All other chemicals were of analytical grade and commercially available.

Cell culture
The colorectal cancer cell lines WiDr, H630, Colo320, SNU-C4 and SW1116 were used in this
study. WiDr, Colo320 and SW1116 were obtained from the American Type Culture Collection
156

Combination studies: TFT and oxaliplatin
(ATCC); H630 and SNU-C4 were a kind gift of Dr. P.G. Johnston (at that time at the National
Cancer Institute, Bethesda, MD, USA). All these cell lines were cultured in DMEM
supplemented with 10% heat-inactivated FBS and 20 mM Hepes buffer (without antibiotics).
They were grown as adherent monolayers in a humidified atmosphere containing 5% CO2 at
37ºC and were maintained in exponential growth. All cell lines except SNU-C4 are p53
mutated where no or decreased induction of p53 expression is present [31].

Growth inhibition experiments and multiple drug-effect analysis
To assess cytotoxicity of the cell lines to the drugs the SRB cytotoxicity assay was used [32].
In brief, the cells were seeded in 100 µl medium in triplicate in 96-well flat-bottom plates
(Greiner Bio-One, Frickenhausen, Germany) in different densities depending on their growth
rate (5,000-10,000 cells/well). After 24 hr, 100 µl drug containing medium was added to the
wells and the cells were incubated for another 72 hr. Thereafter, cells were fixed using
trichloro-acetic acid (TCA) and stained with the SRB dye. Differences in optical density (OD
measured at 540 nm) between the treated cells and untreated control cells were compared.
The percentage of control growth at the start and end of drug exposure was calculated using
the formula: [(ODtreated/ODstart

drug exposure)-1]

/ [(ODcontrol/ODstart

drug exposure)-1]

x 100%. The

obtained IC25 and IC50 values were expressed as the concentrations that corresponded to a
reduction of cellular growth by 25% and 50%, respectively, when compared to values of the
untreated control cells.
All cell lines were exposed to the drugs alone or in combination. Different
combination variants were used to test the interaction of the drugs: either one drug was
added at a concentration that caused 25% growth inhibition and the other drug was added
in a concentration range, or both drugs were added in a fixed IC50-based molar ratio. To
evaluate the effect of a combination of two drugs CalcuSyn (Version 1.1.1 1996, Biosoft,
Cambridge, UK) was used, a program based on the method of Chou and Talalay [33]. The
multiple-drug effect analysis provides a numerical, statistically evaluable method, and
provides classical isobolograms which give information on synergism, but no quantification.
The absorbance values of drug treated wells were compared to the absorbance values of the
control wells to calculate each fraction affected (FA), where FA=0.25 means a decrease in
absorbance and growth of 25%. From the median drug-effect plots the dose that reduced
absorbance by 50% (Dx) and the slope were calculated, after which the doses of the
separate drugs and combination required to induce various levels of cytotoxicity were
calculated [34]. For each level of cytotoxicity a mutually non-exclusive combination index
(CI) was calculated using the formula: CI= [(D)1/(D1-FA)1] + [(D)2/(D1-FA)2] + [α(D)1(D)2/(D1-
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FA)1(D1-FA)2].

The parameters (D)1 and (D)2 represent the doses of the combination of drugs in

a fixed ratio, whereas (D1-FA)1 and (D1-FA)2 are the doses of the individual drugs resulting in
the effect 1-FA (α=1 for mutually non-exclusive drugs). The CI indicates synergism (CI<0.9),
additivity (CI=0.9-1.1) or antagonism (CI>1.1). A mean CI was calculated from data points
with FA>0.5 for the combinations in which one drug was added at a constant concentration,
and from the FA values 0.6, 0.75, 0.9 for the fixed ratio combinations. The FA-range used to
calculate the average CI values in the combination experiments did not include CI values of
FA<0.5, which was considered as not relevant growth inhibition [1], because one aims to
achieve the maximal effect of the drugs tested on cancer cells. Furthermore, CI values at
FA>0.9 were not taken into account due to higher chance to subject to error, and because
this would not add much more information. Averaging the CI values for the whole FA=01-0.9
range might also lead to false interpretation of the data, while different effects were seen at
different FA values (Figure 2B).

Determination of platinum-DNA adduct formation
The formation of Pt-DNA adducts into DNA after exposure of cells to OHP was measured
using a protocol adapted from Van Moorsel et al. (1999) [35]. Cells were grown to 70-80%
confluence in 75 cm2 tissue culture flasks (Greiner Bio-One) and then treated with 200 µM
OHP for 24 hr at 37°C, either alone or in combination with 10 µM TFT (4 hr pre-incubation
or/and simultaneous exposure), to investigate whether TFT influenced Pt-DNA adduct
formation induced by OHP. Thereafter the cells were either harvested or cultured in drugfree medium for another 3 hr. After washing with PBS, trypsinizing and harvesting the cells,
the cell pellets (at least 5x106 cells) were resuspended in ice-cold DNA STAT-60 lysis reagent
(Tel-Test Inc., Friendswood, TX, USA; 5x106 cells/1 ml). The DNA extraction, precipitation
and washing steps were done according to the protocol of the manufacturer. The obtained
DNA pellets were dissolved in a TE-buffer (10 mM Tris, 1 mM EDTA; pH 8.0). DNA content
was estimated by measuring optical densities with the NanoDrop apparatus (NanoDrop
Technologies Inc., Wilmington, DE, USA). All samples had an OD260/OD280 ratio > 1.9
indicating uncontaminated DNA. Sodium chloride (1.65 M) was added in a volume of 0.1 to
the dissolved DNA. A calibration curve was made using different solutions of OHP (0-2 µM).
The Pt-content of the samples and standards (expressed as pmol/µg DNA) was measured
using Atomic Absorption Spectrometry (AAS).
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Comet DNA damage assay
The alkaline comet assay or single cell gel electrophoresis assay was performed to detect
DNA strand breaks associated with DNA damage [36]. The assay is based on the alkaline
lysis of labile DNA at damaged sites, where denatured and cleaved DNA fragments migrate
easier out of the cell under the influence of an electric field than undamaged DNA. To study
the role of DNA damage in the interaction between OHP and TFT, we exposed 1.6 x105 cells
in 6-well plates to IC90 of the drugs for 24 hr. This concentration caused 90% growth
inhibition in the 72 hr growth inhibition studies. As positive controls, cells were exposed for
to 100 µM H2O2 for 20 min at 4oC to induce significant oxidative damage. Untreated cells
were used as negative controls. The cell suspensions consisted of 8x104 cells/ml in PBS. The
lysis, electrophoresis and staining procedures were previously described [37].
After the PI staining procedure the slides were rinsed in distilled water and viewed
within 24 hr. The DNA from the cells was visualized using a Zeiss Axioskop2 fluorescence
microscope (Carl Zeiss Mikroscopie, Jena, Germany) with Zeiss HBO-103W/2 mercury light
source (using 546 nm light excitation filter). The microscope was attached to a Zeiss
AxioCam MRm Camera using an Achroplan 20x objective. The obtained comet images were
analysed using Scion Image software (Scion Corp., Frederick, MD, USA). DNA damage was
quantified as the tail moment, the product of the percentage of total DNA in the comet tail
and the mean distance between the head and tail distributions [37]. At least 20 comets were
analysed per slide.

Apoptosis analysis
The terminal deoxynucleotidyl transferase (TdT)-mediated dNTP-labeling (TUNEL) method
was used for the detection of cells undergoing apoptosis. For this purpose we used the TdTDNA-Fragment End Labeling Kit

(FragELTM; Calbiochem, Oncogene Research Products,

Cambridge, MA, USA). In this method TdT binds to exposed 3'-OH ends of DNA fragments
generated in apoptotic cells in order to add biotin-(un)labeled dNTPs, which are detected
using a streptavidin-horseradish peroxidase conjugate. Cells were plated into 6-wells plates
as described in the cell cycle analysis section, and were exposed 48 hr or 72 hr to IC75 of
OHP or/and TFT (with or without a 24 hr TFT pre-incubation period). After the incubation
period cytospin slides were made using a formaldehyde fixation protocol. The staining was
performed according to the manufacturer’s recommended procedure. Cells stained positive
with 3’-3'-diaminobenzidine (DAB) produce a brownish color, whereas non-reactive cells were
counterstained with methylgreen. Actinomycin D treated HL60 cells were included in the kit
and served as positive controls. Negative controls were cytospins of untreated cells in their
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logarithmic growth phase. Using light microscopy, 1,000 cells were counted twice for
positive/negative staining on randomly selected areas on the glass slide, and the apoptotic
index was calculated as the percentage of positive staining cells. Cells were defined as
apoptotic when the (major part of) nuclear area was DAB-labeled.

Cell cycle analysis
Cell cycle distribution was measured on cells exposed to the drugs alone or in combination
[38]. On day 0, a series of 6-well plates were filled with 2 ml cell suspensions at a
concentration of 2x105 cells/well. After 24 hr incubation, cells were exposed 48 hr to IC50 or
IC75 concentrations of the drugs alone or in combination (with or without a 4 hr TFT preincubation period). Pilot experiments demonstrated that the optimal exposure time was 48
hr. The percentage of cells in the different cell cycle phases (G1, S, G2M) was measured
using FACScan (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA). For each
measurement 20,000 cells were counted and each sample was assayed in duplicate. For
calculation of the cell cycle distribution the Becton Dickinson's CellQuest software was used.

Western blot analysis
Frozen pellets of the cell lines were lysed in buffer (0.1% Triton X-100, 150 mM NaCl, 10 mM
TrisHCl, 50 mM ß-glycerophosphate; pH 7.5) and sonificated 5 x 5 sec with 5 sec intervals.
After centrifugation (10 min 13,000 g at 4°C) the supernatants were measured for protein
content using the BioRad Bradford protein assay [39]. For determination of protein
expression 20 µg of total protein from each cell line was loaded and separated on a 10%
SDS-PAGE gel followed by blotting on a PVDF membrane. Each membrane was preincubated O/N at 4 °C with blocking buffer (5% milk powder in 0.15 M NaCl, 0.05% Tween20, 10 mM Tris-HCl (TBS-T); pH 8.0) to prevent aspecific antibody binding. This was followed
by 2 hr incubation at room temperature with the primary antibodies diluted in TBS-T
containing 5% BSA. After three 10 min washing steps with TBS-T, the blots were incubated
for 1 hr at room temperature with the secondary antibodies diluted in TBS-T containing 2%
milk

powder.

Detection

of

antibody

binding

was

measured

with

enhanced

chemoluminescence (ECL Plus detection solution and ECL Hyperfilms). Protein levels were
determined by densitometric scanning.

Statistical evaluation
The (un)paired Student's t-test was used for statistical evaluation of the results. Changes
were considered to be significant when p<0.05.
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RESULTS

Evaluation of the combination OHP with TFT
The sensitivities of the colorectal cancer cell lines for OHP and TFT varied
considerably (Table 1). SNU-C4 was most sensitive to OHP; H630 and Colo320 were
most sensitive to TFT. WiDr was most resistant to OHP, whereas SW1116 was the
most TFT-resistant cell line. The obtained IC50 values were also used to calculate the
drug ratios for the fixed ratio combinations.
Table 1. Growth inhibition of TFT and OHP for the colorectal
cancer cell lines.

Cell line

TFT

WiDr
H630
Colo320
SNU-C4
SW1116

2025 ± 527#
453 ± 114#
533 ± 133#
830 ± 214
7450 ± 1340

OHP
6000 ± 577
773 ± 37
2083 ± 309
308 ± 4
1128 ± 189

Cells were exposed to a concentration range of TFT or OHP for 72 hr.
Values (IC50 in nM) are Means ± SEM of 3-5 experiments. # Results
arepartly published [19].

Growth (%)

100
75
50
25
0
0.03

0.1

1

10

50

Concentration OHP (µM)
Figure 1. Representative growth inhibition curves for the combination OHP-TFT using a
variable drug ratio. SW1116 cells were exposed 72 hr to OHP, TFT or OHP+TFT in which OHP was
added at various concentrations (OHPv) and TFT was kept at a constant IC25-concentration (TFTc).
[filled circles, solid line] = OHPv; [filled triangles, broken line] = expected growth inhibition calculated
from the single drug doses; [filled squares, solid line] = OHPv+TFTc. The growth inhibition curves
were obtained from 3 separate experiments. Per experiment an average CI value was calculated from
all data points with FA>0.5. In this example mean CI = 0.64. All SEM values < 10%.
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Figure
2.
Illustrative
growth
inhibition curves (A) and FA-CI
plots (B) for the combination OHPTFT using a fixed drug ratio. Figure
A: H630 cells were exposed 72 hr to
TFT (filled circles), OHP (filled triangles)
or TFT+OHP (filled squares). Figure B:
Average CI values calculated from each
FA for all five cell lines used in the
study. Per experiment an average CI
value was calculated from datapoints
with FA = 0.6, 0.75 and 0.9. All SEM
values of data points < 15%.
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Multiple drug-effect analysis was performed for the combinations of TFT with
OHP using the CalcuSyn software. Figure 1 shows representative growth inhibition
curves with SW1116 cells for the combinations using a variable concentration of OHP
and a fixed concentration of TFT, illustrating at least additive cytotoxicity. DoseEffect and FA-CI plots illustrating the effects of TFT-OHP fixed drug ratio
combinations are depicted in Figure 2. Figure 2A depicts growth inhibition curves of
H630 cells exposed to OHP and TFT at various concentrations based on a 1:1 IC50
ratio, and clearly shows that the combination causes more growth inhibition than
each drug alone. To indicate the effects at different FA values average CI values
were calculated for each FA. Figure 2B shows the mathematical analysis of these
data and demonstrates synergism at FA>0.5 for H630, as well as the other cell lines.
The FA values were obtained after exposure of cells to a series of drug
concentrations of TFT and/or OHP, depending on the combination variant. The mean
CI values of the fixed ratio TFT-OHP combination variants are shown in Figure 3. The
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effects of these combinations were synergistic in the cell lines (all CI < 0.9). For the
variable drug ratio combinations, only in Colo320 (TFTc; mean CI = 0.98 ± 0.08) and
SNU-C4 (OHPc; mean CI = 0.94 ± 0.16) the interaction between the drugs was not
more than additive. The extent of synergism differed according to the cell line and
combination variant. Strongest synergism was observed with SW1116 cells for all
three combination variants (0.43 ≤ mean CI ≤ 0.64). For further evaluation of the
TFT-OHP combination only the cell lines WiDr, H630 and SW1116 were used,
because for these cell lines large differences in drug sensitivity were found.
Incubating these cells the first 24 hr with only TFT or OHP decreased synergism for
the 1:1 ratio combinations for H630 and SW1116 (0.6 ≤ mean CI ≤ 1.2; data not
shown), but not for WiDr, where increased synergism was observed for both
sequential combinations (Figure 4); TFT pre-incubation decreased the mean CI to 0.6
compared to the simultaneous combination (mean CI = 0.81 ± 0.06), whereas OHP
pre-incubation decreased the mean CI to 0.4.
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Figure 3. Synergy analysis of OHP combined with TFT for the colorectal cancer cell lines.
Interpretation of CI values: CI<0.9 means synergism; CI=0.9-1.1 means additive; CI>1.1 means
antagonism. TFTc: combination of the drugs in which TFT was kept at a constant concentration (IC25);
OHPc: combination of the drugs in which OHP was kept at a constant concentration (IC25); 1:1 ratio:
the two drugs were added in a fixed 1:1 IC50-based molar ratio. A mean CI was calculated from
datapoints with FA>0.5 for the combinations with variable drug ratio, and from the FA values 0.6,
0.75, 0.9 for the fixed ratio combinations. Values (mean CI ± SEM) are based on 3-4 separate
experiments. See also Materials and methods.
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Figure 4. Representative growth inhibition curves for simultaneous and sequential OHPTFT combinations using a fixed drug ratio. WiDr cells were exposed 72 hr to OHP with or without
TFT in different schedules: TFT alone (filled circles), OHP (filled triangles), TFT+OHP (filled squares),
24 hr TFT alone > 48 hr TFT+OHP (filled diamonds), 24 hr OHP alone > 48hr TFT+OHP (filled
crosses). The growth inhibition curves were obtained from 3-5 separate experiments (all SEM values <
15%). Per experiment an average CI value was calculated from all data points with FA>0.5.

Formation of Pt-DNA adducts
Because the synergism might be related to an influence of TFT on OHPinduced DNA damage by affecting the accumulation of Pt-DNA adducts, we studied
the formation and retention of Pt-DNA adducts in 3 cell lines. The cell lines were
selected, because one is rather insensitive to OHP (WiDr) or TFT (SW1116) or
sensitive to both drugs (H630).

Since WiDr and SW1116 have an intermediate

sensitivity to the other drugs, we reasoned that this panel would be representative
for all 5 cell lines, also because the synergism patterns were similar. The
measurements were limited to Pt-DNA adduct formation. Total uptake of OHP in cells
was not measured, since it was considered unlikely that a nucleoside analog would
affect uptake of a platinum compound into a cell, because transport mechanisms for
platinum analogs are not affected by nucleoside analogs, but Pt-DNA adduct
formation and repair are [40],[35],[41]. With OHP alone adduct formation ranged
from 1.8-2.6 pmol/µg DNA (Figure 5). Pre-treatment with 10 µM TFT decreased the
formation of Pt-DNA adducts by 13% or more. Simultaneous treatment resulted in a
significant increase in the formation of Pt-DNA adducts in H630 and SW1116 (14.4%
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and 99.1% respectively; p<0.05), but not in WiDr. However, TFT pre-treatment
decreased the Pt-DNA adduct formation (> 6%). The formed Pt-DNA adducts after
exposure to OHP alone were best retained in the SW1116 cells (81.6%) compared to
H630 and WiDr (< 56%), and TFT treatment increased this in the latter two cell lines
(> 10%).
5

Figure 5.
Pt-Adduct formation
in DNA after exposure of WiDr,
H630 and SW1116 cells to OHP
with or without TFT in different
schedules. The cell lines were
exposed 24 hr to 200 µM OHP alone or
with 10 µM TFT, either simultaneously
and/or with a 4 hr pre-incubation
period
(preTFT).
To
determine
retention of the formed Pt-adducts the
cells were incubated an additional 3 hr
in drug-free medium (DFM). Values are
Means ± SEM (n=4). * p<0.05
compared to 24 hr OHP. nd = nothing
detected.
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Formation of DNA strand breaks and induction of apoptosis
Using the comet assay we evaluated whether more DNA damage was induced
in the cells after 24 hr exposure to a combination of TFT-OHP at their IC90
concentrations compared to each drug alone (Figure 6). The WiDr, H630 and
SW1116 cell lines were used because the combinations induced synergistic
cytotoxicity in these cells. Relatively high concentrations of the drugs were chosen to
determine the potency of this combination to induce DNA damage in the cells. The
calculated tail moment represents DNA strand break formation induced by the drugs.
At equally growth inhibitory concentrations there was consistently more DNA damage
in the cells after exposure to OHP compared to TFT, although not significantly
(p>0.05). About 20-30% more DNA damage was induced after exposure to TFT-OHP
compared to OHP alone. Most DNA strand breaks were induced in SW1116 cells
(mean tail moment of 15.8 ± 0.5). Comparable results were seen after exposure to
IC75 concentrations of the drugs (all mean tail moments < 10; data not shown).

TFT+ OHP

**
SW1116

OHP
TFT

TFT+ OHP
OHP

H630

TFT

TFT+ OHP

*

OHP

WiDr

TFT
0

2

4
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10

12

14

16

18

Tail moment
Figure 6.
DNA damage induction in WiDr, H630 and SW1116 cells using the Comet
assay. The cells were exposed 24 hr to [IC90] OHP or [IC90] TFT alone or in combination. These
concentrations were: WiDr: 75 µM TFT, 75 µM OHP; H630: 50 µM TFT, 30 µM OHP and SW1116: 200
µM TFT, 80 µM OHP. Values are Means ± SEM (n=3). Significant differences compared to OHP alone:
* p<0.05; ** p<0.01 (paired t-test).
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Table 2 summarizes the results of apoptosis induction using the TUNEL
apoptosis assay when the cells were exposed 72 hr to IC75 concentrations of the
drugs. In the control samples less than 3% apoptosis was found in the total cell
population. When the cells were exposed to OHP alone or TFT alone about equal
amounts of apoptosis were induced (range 6.7% - 16.2% apoptotic cells). This was
at least 3.7-fold higher compared to the controls. After TFT-OHP drug treatment
most apoptosis was induced in the WiDr and SW1116 cell populations (18.8% and
20.6% respectively), with less in H630 cells; in each cell line TFT-OHP induced
significantly more apoptosis compared to OHP alone (p<0.05). Shortening the total
exposure to OHP by 24 hr decreased the induction of apoptosis at least 30% for all
cell lines. A TFT pre-exposure period of 24 hr followed by 48 hr OHP exposure
increased apoptosis induction slightly compared to 48 hr OHP exposure, but this was
still significantly lower compared to 72 hr TFT-OHP exposure (at least 45%; p<0.01).
Induction of apoptosis was generally in agreement with the results obtained from the
DNA damage experiments.

Table 2.
Induction of apoptosis by OHP, TFT or both drugs in WiDr, H630 and
SW1116 cells.

Cell line

Drug Treatment
WiDr

H630

SW1116

Control
TFT IC 7 5 72 hr

2. 3 ± 0. 6 **

1. 6 ± 0. 3 **

2. 9 ± 0. 2 **

16.2 ± 2.5

6. 7 ± 0. 5 **

10.6 ± 1.7

OHP IC 7 5 72 hr

13.2 ± 1.7

8.2 ± 3.0

13.7 ± 2.2

OHP IC 75 + TFT IC 7 5 72 hr

18.8 ± 3.1 *

13.1 ± 1.0 *

20. 6 ± 1. 5 **

OHP IC 75 48 hr alone

8.9 ± 1.2 *

3. 5 ± 0. 3 **

7. 0 ± 0. 7 **

TFT IC 75 24 hr > OHP IC 75 48 hr

9.3 ± 1.1 *

7.0 ± 0.7 *

9.0 ± 0.9 *

The cells were exposed 72 hr to [IC75] of the drugs, either alone or in combination. These
concentrations were: WiDr: 25 µM TFT, 10 µM OHP; H630: 10 µM TFT, 3.5 µM OHP and SW1116: 100
µM TFT, 10 µM OHP. Values (%) represent [apoptosis population]/[total cell population] and are
expressed as Means ± SEM (n = 3). Compared to OHP alone: * p<0.05; ** p<0.01 ((un)paired ttest).
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Table 3.
Cell cycle distribution of WiDr, H630 and SW1116 cells following OHP
and/or TFT exposure.

D ru g tre a tm e n t

C e ll c y c le d is trib u tio n
(% ) G 1

(% ) S

(% ) G 2 M

C o n t ro l

46.8 ± 3.0

15.2 ± 0.9

38.0 ± 2.9

O H P IC 7 5 4 8 h r

25.8 ± 2.6

21.4 ± 1.8

52.8 ± 3.9

TF T IC 7 5 4 8 h r

3.4 ± 0.6 **

59.9 ± 3.4 **

36.7 ± 3.1 *

TF T IC 7 5 + O H P IC 7 5 4 8 h r

18.1 ± 4.1

53.4 ± 6.0 **

28.5 ± 3.1 **

p re TF T > O H P IC 7 5 4 8 h r

30.3 ± 1.0

25.4 ± 4.3

44.3 ± 5.2

6.4 ± 2.0 **

55.2 ± 4.9 **

38.4 ± 3.3 *

C o n t ro l

38.9 ± 1.2

24.2 ± 0.9

36.9 ± 2.0

O H P IC 7 5 4 8 h r

19.8 ± 7.9

37.1 ± 3.2

43.1 ± 5.0

TF T IC 7 5 4 8 h r

12.1 ± 5.7

43.9 ± 7.1

44.1 ± 5.9

TF T IC 7 5 + O H P IC 7 5 4 8 h r

13.6 ± 3.5

49.1 ± 2.6 *

37.3 ± 0.9

p re TF T > O H P IC 7 5 4 8 h r

26.0 ± 1.4

30.6 ± 1.9

43.4 ± 2.9

11.5 ± 3.7

52.7 ± 0.8 **

35.8 ± 3.5

W iD r

p re TF T > TF T IC 7 5 + O H P IC 7 5 4 8 h r

H630

p re TF T > TF T IC 7 5 + O H P IC 7 5 4 8 h r

SW 1116
C o n t ro l

46.9 ± 2.6

23.2 ± 2.0

29.9 ± 0.7

O H P IC 7 5 4 8 h r

30.5 ± 1.9

41.7 ± 3.0

27.8 ± 1.6

TF T IC 7 5 4 8 h r

8.5 ± 1.1 **

35.8 ± 2.5

55.7 ± 2.1 **

TF T IC 7 5 + O H P IC 7 5 4 8 h r

12.7 ± 1.2 **

49.2 ± 2.2

38.1 ± 2.6 *

p re TF T > O H P IC 7 5 4 8 h r

12.6 ± 0.8 **

36.1 ± 2.9

51.3 ± 3.7 **

9.3 ± 0.3 **

50.8 ± 4.1

39.9 ± 4.4 *

p re TF T > TF T IC 7 5 + O H P IC 7 5 4 8 h r

The cells were exposed 48 hr to [IC75] of OHP, TFT or both drugs. These drug concentrations are
mentioned in the legend of Table 2. preTFT: 4 hr TFT pre-incubation period. Values are Means ± SEM
(n=3). Significant differences compared to OHP alone: * p<0.05; ** p<0.01.

Induction of cell cycle arrest
The combination TFT-OHP was also evaluated using flow cytometry analysis
to determine the cell cycle distribution after 48 hr drug(s) exposure (Table 3). This
time point was chosen because at 48 hr substantial changes can be seen in cell cycle
distribution, which are not yet observed after 24 hr exposure. TFT induced an Sphase arrest or G2M-phase arrest, although this was concentration-, schedule- and

168

Combination studies: TFT and oxaliplatin

cell line-dependent. In all cell lines TFT or OHP induced a clear reduction in the G1phase cell population, probably due to DNA synthesis inhibition. This was more
pronounced after TFT exposure than after OHP exposure. For all three cell lines a
significant increase in the S-phase cell population was seen after exposure to TFT or
OHP alone (6.2% - 44.7%; p<0.05). Only in WiDr cells TFT induced a clear S-phase
arrest whereas OHP induced a G2M-phase arrest (both > 50%). The combination
TFT-OHP induced a strong S-phase arrest for all cell lines (p<0.01). Compared to
OHP exposure the combination significantly increased the S-phase cell population for
WiDr and H630, in contrast to SW1116, where TFT did not increase (%) cells in the
S-phase, but (%) cells in G2M phases was increased from 27.8% to 38.1% (p<0.05).
The G1-population was also more decreased (≥ 6.2%). A 4 hr TFT pre-incubation
period hardly affected cell cycle distribution induced by OHP, except for SW1116,
where G2M-population increased from 27.8% to 51.3%; (p<0.01). Surprisingly, this
result was not observed in the growth inhibition and apoptosis experiments.
Comparable results were obtained when cells were exposed to IC50 concentrations of
the drugs, but induction of S-phase arrest was less potent (data not shown).

Protein levels of DNA repair enzymes
Figure 7 shows the basal expression of ERCC1, MLH1 and MSH2 DNA repair
proteins for the colorectal cancer cell lines. There was no direct correlation with OHP
or TFT sensitivity. E.g. SW1116 is more sensitive to the drug combination compared
to WiDr, inducing significantly more DNA strand breaks in these cells, but also has
higher ERCC1 levels, which is part of the DNA excision repair system, which is mainly
involved in the repair of oxaliplatin-induced DNA damage.
H630

Colo320

WiDr

SW1116

SNU–C4
ERCC1 (36 kDa)
MLH1 (85 kDa)
MSH2 (105 kDa)
Tubulin (50 kDa)

Figure 7.
Basal protein levels of the DNA repair enzymes ERCC1, MLH1 and MSH2 for
the colorectal cancer cell lines H630, Colo320, WiDr, SW1116 and SNU-C4. Equal protein
amounts from unexposed cells were used for Western blotting, as described in the Materials and
methods section.
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DISCUSSION
In the present study we demonstrated synergism between OHP and TFT,
which was found for drug combinations using either variable or fixed drug ratios. The
most pronounced effects were seen in SW1116 cells, where strong synergism was
induced at high effect levels. There is a parallel enhancement of OHP-induced DNA
damage and apoptosis by TFT. We have demonstrated that this damage may be
explained by increased formation of Pt-DNA adducts, which possibly is related to
increased incorporation of TFT into the DNA.
The platinum compound OHP is currently routinely used in the treatment of
colorectal cancer patients in combination with 5FU (or its prodrug capecitabine). In
the case of 5FU resistance it may also be combined with irinotecan (CPT-11), thereby
improving response and survival rates [42],[7],[42]. OHP acts by effectively
disrupting the DNA replication and transcription in the cell, but the downstream
molecular events underlying its mechanism of action have not been characterized
very well [16]. OHP itself reduces growth of the cells at clinically relevant
concentrations, which can be associated with a G2M-phase arrest in the cell cycle
[12]

and

increased

induction

of

apoptosis

[43].

Inducing

cell

death

by

chemotherapeutics is an important terminal mechanism to eliminate malignant cells

in vivo [44]. TFT was able to enhance OHP-induced apoptotic cell death, possibly due
to extensive DNA damage induction by increased Pt-DNA adduct formation.
In preclinical studies using colorectal cancer cells OHP has been combined
with a variety of anticancer metabolites to improve its killing efficacy, such as TS
inhibitors [45], taxanes and topoisomerase I inhibitors [12],[12]. TFT, in the form of
the orally administered TAS-102 formulation, might be a good alternative to 5FU in
the combination with OHP. TFT incorporation into DNA also induces DNA strand
breaks, and as a result of intracellular thymidine depletion due to inhibition of TS,
misincorporation of uracil into DNA occurs, thereby enhancing the induction of DNA
damage [46]. TFT itself is a dual targeted agent, and the other part of TAS-102 is
TPI, which is a potent TP inhibitor (Ki = 0.17 nM) [22]. In vivo TFT is very dependent
on TP activity, since adding TPI enhances bioavailability of TFT [47], which may
favor the combination OHP-TFT, possibly leading to more DNA damage in cells and
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higher cytotoxicity. Secondly, TP is also known as PD-ECGF [48;48], which has
stimulating properties on blood vessel formation in solid tumours [49]. Previous
studies showed that TPI inhibits blood vessel formation, thereby increasing apoptosis
[24] and suppressing the formation of metastases [23]. In contrast to 5FU based
formulations, the orally given TAS-102 has both cytotoxic and anti-angiogenic
properties.
TFT and 5FU are both potent TS inhibitors, but in contrast to TFT, 5FU is also
incorporated into the RNA of cancer cells [50]. Furthermore, TFT can only be
activated by TK, thus decreased TK activity will affect TFT conversion to TF-TMP, and
subsequently leads to decreased TS inhibition and TF-TTP incorporation into the DNA
[19]. 5FU can be anabolized to its active forms in two alternative pathways next to
TK activation by uridine phosphorylase or orotate phosphoribosyltransferase, which
seem the most important pathways [50]. On the other hand, TFT is activated rapidly
because it only needs one phosphorylation step in contrast to 5FU, and therefore
TFT can be active against 5FU-resistant colorectal cancer cells [51],[17]. Thus,
compared to 5FU, TFT is clearly a different drug than 5FU leading to different drug
interactions. In general, 5FU combinations with cisplatin show variable interactions
[52], while combinations of 5FU with OHP in general lead to synergistic interactions
[53]. Our data clearly show synergism of TFT with OHP in all conditions.
Our data allow some preliminary conclusions about appropiate scheduling of
OHP and TFT. Ideally a combination should be at least additive in its anticancer
effects but without excessive normal tissue toxicity. OHP is administered by infusion,
and in animals TAS-102 is orally administered and is most effective when used as a
multiple daily dosing schedule (3 times daily at 150 mg/kg/day) [20], [26]. In human
tumour xenografts in mice incorporation of TFT into DNA was significantly higher
with divided dosing than single dosing, resulting in enhanced antitumour activity and
no additional side effects. Regarding the TFT-OHP combination, we observed that
pre-incubation with TFT resulted in less formation of Pt-DNA adducts and less
subsequent induction of apoptosis than did simultaneous incubation without preincubation. The exact mechanism responsible for this decrease in formation of PtDNA adducts remains to be elucidated. Nonetheless, our data suggest that
simultaneous incubation is ideal to maximize anti-tumour effects.
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We studied both fixed and variable drug concentration ratios of TFT and OHP.
Previous studies of drug combinations have often focused on a fixed ratio between
the drug concentrations, but a fixed ratio does usually not reflect the actual ratio in
patients [34],[34]. OHP and TFT show comparable growth inhibition curves (Figures
1 and 2), indicating the same growth inhibition kinetics. The synergism was observed
at FA>0.5. Although data at low drug concentrations suggest antagonism, we do not
consider this part of the curve as relevant, since one aims to expose tumor cells to
the highest possible cytotoxic drug concentration; this means that 25% growth
inhibition is irrelevant, because this would mean that the tumor cell population still
grows at 75% compared to untreated tumor cells. Our data are favourable for
potential future application of this combination since synergism could be induced for
both combination variants (fixed and variable ratios) for most cell lines. TFT has a t1/2
of about 15 min, but administration of several doses of TPI together with divided
dosing of TFT increases the AUC and t1/2 dramatically, which in turn could increase
OHP-induced cytotoxicity when given simultaneously within the same time period.
OHP is given by infusion and has a t1/2 of less than 30 min [54]. This will result in a
variable ratio, and therefore the variable ratio used in our experiments will better
reflect a clinical situation.
Effects of combined OHP and TFT were cell line-dependent. The most
significant results were obtained with the SW1116 cell line, which is the cell line most
resistant to TFT. This is a promising perspective since combinations are aimed to
reduce or bypass resistance. TFT enhanced OHP-induced cytotoxicity by increase of
the formation of Pt-DNA adducts (almost 2-fold), which were well retained. This was
accompanied by enhanced DNA strand break formation, cell cycle arrest and
subsequent apoptotic cell death, possibly mediated through caspase-3. Possibly
because H630 is far more sensitive to both TFT and OHP than SW1116, the drug
combination showed less pronounced effects compared to SW1116. The present
study shows that no clear mechanism can be associated with the sensitivity to OHP
or to the synergism between OHP and TFT. Pt-DNA adduct formation is enhanced, as
well as DNA damage. However, with the comet assay it is difficult to assess the real
tail moment values below 5, and since it is not justified to add up the tail moments to
each other, one can only conclude that DNA damage is higher in the combination and
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is highest in the most synergistic cell line SW1116. In addition, on this cell line the
most pronounced changes in cell cycle distribution (increased G2M) were found,
possibly adding to the synergistic effect. This might be due to differences in TS levels
or the incorporation rate of TFT in the cells. The present studies were also performed
to see whether DNA damage repair was of any influence. The western blot results
showed that the protein expression levels of ERCC1, MLH1 and MSH2 DNA repair
proteins do not correlate with the observed DNA damage induced by TFT-OHP. This
was expected for MLH1 and MSH2 (DNA mismatch repair), which are mainly involved
in the repair of cisplatin-induced DNA damage, not OHP-induced DNA damage. A
possible increase of TFT incorporation into DNA by OHP might also interfere with the
repair of OHP-induced DNA damage by ERCC1.
In conclusion, the combination of TFT with OHP is synergistic in colorectal
cancer cells, which is related to increased Pt-DNA adduct formation and retention,
cell cycle arrest and DNA damage induction. Therefore, our in vitro results provide a
rationale for a clinical study of TAS-102 (TFT+TPI) together with OHP, with a
potential value in the (second-line) treatment of colorectal cancer patients.
Furthermore, the approval of the biological agents bevacizumab (Avastin®) and
cetuximab (Erbitux®) might also be of interest for potential TAS-102-involving
combinations, thereby enhancing inhibition of angiogenesis or targeting EGFR,
respectively.
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ABSTRACT
SN38 is the active metabolite of the anti-cancer agent irinotecan (CPT-11) and
is a potent inhibitor of topoisomerase-I (topo-I), leading to DNA strand breaks and
eventually cell death. The pyrimidine analog trifluorothymidine (TFT) is part of the
anti-cancer drug formulation TAS-102, which was developed to enhance the
bioavailability of TFT in vivo, and is currently being evaluated as an oral
chemotherapeutic agent in phase I clinical studies.
In this study the combined cytotoxic effects of dual-targeted TFT with SN38
were investigated in a panel of human colon cancer cell lines (WiDr, H630, Colo320,
SNU-C4, SW1116). We used different drug combination treatment schedules of SN38
with TFT, and possible synergism was evaluated using median drug effect analysis
resulting in combination indexes (CI), in which CI<0.9 indicates synergism, CI=0.91.1 indicates additivity and CI>1.1 indicates antagonism. Drug target analysis was
performed to investigate the effect of TFT on SN38-induced DNA damage, cell cycle
delay and apoptosis.
Simultaneous exposure to SN38 in combination with TFT was not more than
additive, whereas pre-incubation with TFT resulted in synergism with SN38 (CI=0.30.6). Only for Colo320 synergism could be induced for both simultaneous and
sequential drug combinations. SN38 and TFT induced most DNA damage in H630 and
Colo320 cells, which was increased in combination. TFT pre-incubation further
enhanced SN38-induced DNA strand breaks in H630 and Colo320 (>20%), which
was most pronounced in H630 cells (p<0.01). Exposure to SN38 alone induced a
clear cell cycle G2M-phase arrest and pre-incubation with TFT enhanced this effect in
WiDr and H630 (p<0.05). Both drugs induced significant apoptosis; SN38-induced
apoptosis increased significantly in the presence of TFT (p<0.01), either when added
simultaneously (about 3-fold) or at pre-incubation (about 2-fold). Topo-I protein
levels varied among the cell lines and TFT hardly affected these.
In conclusion, TFT pre-incubation can enhance SN38-induced cytotoxicity to
colon cancer cells resulting in synergism between the drugs, thereby increasing DNA
damage and apoptosis induction.
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INTRODUCTION
Combination chemotherapeutic regimens for treatment of different solid
tumours often include antimetabolites [1]. For the treatment of colorectal cancer
(CRC)

the

fluoropyrimidine

5-fluorouracil

(5FU)

has

been

the

standard

chemotherapeutic agent used for decades [2],[3]. In order to improve response and
survival rates for patients with colorectal tumours, 5FU is usually combined with
leucovorin (LV) and several DNA-damaging agents, such as the DNA topoisomerase-I
(topo-I) inhibitor irinotecan (CPT-11; Camptosar®, Pfizer Pharmaceuticals Inc.),
which significantly improved results of first-line CRC chemotherapy treatment when
given in various schedules: bolus IFL or infusional FOLFIRI regimens) [4],[5].
CPT-11 is cleaved by a carboxylesterase (CE) into the active metabolite SN38
[6], which is present in the liver and serum [7]. SN38 is a potent inhibitor of topo-I
by binding to the enzyme-DNA cleavable complex, thereby leading to the induction of
DNA strand breaks [8],[9]. The subsequent arrest of DNA-replication (S-phase arrest)
eventually results in cell death. Mechanisms of resistance to CPT-11 include low
expression or mutated gene of the target enzyme topo-I, reduced metabolic
activation of CPT-11, increased inactivation by cytochrome P450 enzymes, increased
glucuronidation, and increased efflux of the drug mediated by multidrug resistance
proteins [10],[11].
CPT-11 has potent antitumour activity against a wide range of tumour types,
and has been investigated in several combination studies [12]. The increased
understanding of the intracellular interactions of CPT-11 led to combination of the
drug with other metabolites, such as the nucleoside analogs. This has also led to the
understanding that various antimetabolites such as gemcitabine (dFdC; 2',2'-difluoro2'-deoxycytidine)

and

the

5FU-derived

nucleotide

polymer

of

5-fluoro-2'-

deoxyuridine-5'-monophosphate FdUMP[10] can act by poisoning of topo-I [13],[14].
Possibly these effects play a role in the interaction of e.g. dFdC with CPT-11
regarding formation of cleavable complexes [14].
Another pyrimidine analog that might enhance the effect of topo-I inhibition is
trifluorothymidine (TFT; trifluridine), which is part of the novel oral antitumour drug
formulation TAS-102 [15],[16], which consists of TFT and the anti-angiogenic
thymidine phosphorylase inhibitor TPI [17],[18]. TAS-102 is currently evaluated in
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different treatment schedules in clinical trials. TFT acts by incorporation into DNA
leading to DNA strand breaks [19], and by inhibition of thymidylate synthase (TS) by
covalent binding to the active site of TS [20]. TS is one of the major rate-limiting
enzymes in DNA synthesis, and inhibition induces a series of downstream events,
eventually leading to cell death [21]. Because of these effects TFT might be an
alternative in the combination with CPT-11, and in addition, TFT is able to exert
cytotoxicity against 5FU resistant tumour cells [22],[23].
In this study we aimed to elucidate the possible mechanisms of synergism
between TFT and SN38 in colon cancer cells. For this purpose, we used colorectal
cancer cell lines to investigate the effect of different combinations of TFT with SN38
on growth inhibition, the extent of DNA damage, cell cycle distribution and apoptosis
induction.

MATERIALS & METHODS
Materials
Dulbecco's modified Eagle's medium (DMEM) and Hepes buffer were purchased from
Cambrex BioScience (Verviers, Belgium) and fetal bovine serum (FBS) from Greiner Bio-One
(Frickenhausen, Germany). Bovine serum albumin (BSA) was obtained from Merck
(Darmstadt, Germany). Sulforhodamine B (SRB) protein dye and propidium iodide were
purchased from Sigma-Aldrich Chemicals (Zwijndrecht, The Netherlands). TFT and SN38
were synthesized and provided by Taiho Pharmaceuticals Co. (Tokushima, Japan) and
Rhône-Poulenc Rorer (now Sanofi-Aventis Pharma) (Vitry sur Seine, France), respectively.
The Enhanced ChemoLuminescence (ECL) Hybond nitrocellulose membranes, hyperfilms and
detection kit were purchased from Amersham Biosciences (Buckinghamshire, UK). The
primary polyclonal rabbit-anti-human topo-I and Lamin B1 antibodies was purchased from
TopoGEN Inc. (Columbus, OH) and Abcam (Cambridge, MA), respectively. The secondary
peroxidase-conjugated antibodies were purchased from Amersham. All other chemicals were
of analytical grade and commercially available.

Cell culture
In this study the colon cancer cell lines WiDr, H630, Colo320, SNU-C4 and SW1116 were
used. WiDr, Colo320 and SW1116 were obtained from the American Type Culture Collection
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(ATCC); H630 and SNU-C4 were a kind gift of Dr. P.G. Johnston (at that time at the National
Cancer Institute, Bethesda, MD, USA) [24]. All these cell lines were cultured in DMEM
supplemented with 10% heat-inactivated FBS and 20 mM Hepes buffer. They were grown as
adherent monolayers in a humidified atmosphere containing 5% CO2 at 37ºC and were
maintained in exponential growth.

Growth inhibition experiments
To assess cytotoxicities of the cell lines to the drugs the SRB cytotoxicity assay was used
[25],[26]. In brief, the cells were seeded in 100 µl medium in triplicate in 96 well flat-bottom
plates (Greiner Bio-One, Frickenhausen, Germany) in different densities depending on their
growth rate (5,000-10,000 cells/well). After 24 hr, 100 µl drug containing medium was added
to the wells and the cells were incubated for another 72 hr. The concentration series of the
drugs were 0,025-250 µM TFT and 0,625-6250 nM SN38. After the incubation period the
cells were fixed using trichloroacetic acid and stained with the SRB dye. Differences in optical
density (measured at 540 nm) between the treated cells and untreated control cells were
compared to calculate the IC25 and IC50 values. These were expressed as the concentrations
that corresponded to a reduction of cellular growth by 25 and 50%, respectively, when
compared to values of the untreated control cells.

Median-drug effect analysis
The cell lines were exposed 72 hr to the drugs alone or to a combination of TFT with SN38 in
several treatment schedules. Two combination variants were used to test the interaction of
the drugs: either both drugs were added in a fixed IC50-based molar ratio, or one drug was
added at a concentration that caused 15-25% growth inhibition and the other drug was
added in a concentration range. The SRB assay was used to obtain the IC50 values and to
generate the dose-effect curves, which were used to perform median-drug effect analysis
[1]. To evaluate the effect of a combination of two drugs Calcusyn (Biosoft, Cambridge, UK)
was used, a program based on the method of Chou and Talalay [27]. The absorbance values
of drug treated wells were compared to the absorbance values of the control wells to
calculate each fraction affected (FA). FA=0.25 means a decrease in absorbance and growth
inhibition of 25%. From the median drug effect plots the dose that reduced absorbance by
50% (Dx) and the slope (m) were calculated (linear correlation coefficient > 0.9). The
program uses the formula D1-FA=Dx[FA/(1-FA)]1/m to calculate the doses of the separate
drugs and combination required to induce various levels of cytotoxicity. For each level of
cytotoxicity a mutually non-exclusive combination index (CI) was calculated using the
formula: CI= [(D)1/(D1-FA)1] + [(D)2/(D1-FA)2] + [α(D)1(D)2/(D1-FA)1(D1-FA)2]. The parameters
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(D)1 and (D)2 represent the doses of the separate drugs in the combination, whereas (D1-FA)1
and (D1-FA)2 are the doses of the individual drugs resulting in survival 1-FA (α=1). In this
method the calculated CI indicates synergism (CI<0.9), additivity (CI=0.9-1.1) or
antagonism (CI>1.1). A mean CI was calculated from datapoints with FA>0.5 for the
combinations in which one drug was added at a constant concentration, and for the fixed
ratio combinations a mean CI was calculated from the FA values 0.6, 0.75, 0.9. We
considered FA<0.5 as not relevant growth inhibition [1].

FADU DNA damage assay
To determine the extent of DNA damage induced by the drugs, alone or in combination, the
FADU (Fluorometric Analysis of DNA Unwinding) assay was used [28],[29]. The assay is
based on the principle that the unwinding rate of double stranded DNA (dsDNA) in an
alkaline environment is related to the extent of dsDNA breaks induced by the drugs
(detected with ethidium bromide). DNA with high amount of strand breaks will unwind faster
than DNA without strand breaks. DNA strand breaks were measured after 72 hr exposure of
cells to the drugs alone or in combination, with or without a 24 hr TFT pre-incubation period.
Concentrations of the single drugs were chosen so that at least 55% of the dsDNA was
double stranded compared to the controls (the untreated cells). Two hours before harvesting
separate cells were also exposed to 50 µM etoposide (VP16) as a positive control for DNA
strand break formation. To predict the effect of a combination of drugs fractional effect
analysis was performed [30].

Flow cytometry analysis
Flow cytometry was used for the determination of cell cycle distribution within the cell
populations exposed to the drugs alone or in combination. A series of 6-well plates were
filled with cell suspensions at a concentration of 2x105 cells/well. After 24 hr the cells were
exposed to the drugs for 72 hr, with or without a 24 hr TFT pre-incubation period. After this
incubation period, the percentage of cells in the different cell cycle phases (G1, S, G2M) was
measured with FACScan (Becton Dickinson Immunocytometry Systems). For each
measurement 20,000 cells were counted and each sample was assayed in duplicate. For
calculation of the cell cycle distribution the Becton Dickinson's CellQuest software was used.
The complete procedure was previously described by Cloos and colleagues [31].

Detection of apoptosis
The terminal deoxynucleotidyl transferase (TdT)-mediated dNTP-labeling method was used
for the detection of cells undergoing apoptosis. For this purpose we used the TdT-DNA182
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Fragment End Labeling Kit (FragELTM; Calbiochem, Oncogene Research Products, Cambridge,
MA, USA). In this method TdT binds to exposed 3'-OH ends of DNA fragments generated in
apoptotic cells in order to add biotin-(un)labeled dNTPs, which are detected using a
streptavidin-horseradish peroxidase conjugate. A part of the cell populations evaluated for
cell cycle distribution was used for apoptosis detection. Using light microscopy 1,000 cells
were counted twice for positive/negative staining on randomly selected areas on the glass
slide, and the apoptotic index was calculated as the percentage of positive staining cells (for
procedure details see also [32]).

Western blot analysis
For determination of topo-I protein levels, nuclear protein extracts were prepared from living
cells using a modified protocol, adapted from Van Hattum and colleagues [33]. Cell nuclei
were harvested by centrifugation for 10 min at 150 g (4°C). After measuring protein content
the samples were loaded onto a 10% SDS-PAGE gel (without loading buffer) followed by
blotting onto a PVDF membrane. The primary anti-topo-I (100 kDa) antibodies were diluted
1:5000 in blocking buffer, and Lamin B1 (0.1 µg/ml; 68 kDa) was used as a loading control
for nuclear proteins. Detection of antibody-binding was measured with ECL, and protein
levels were quantified by densitometric scanning (VersaDoc 4000 Imaging System and
Quantity One software from BioRad).

Statistical evaluation
The (un)paired Student's t-test was used for statistical evaluation of the results. Changes
were considered to be significant when p<0.05.

RESULTS

Evaluation of the combination SN38 with TFT
The sensitivities of the cell lines for TFT or SN38 are summarized in Table 1.
The IC50 concentrations were also used to calculate the drug ratios for the fixed ratio
combinations, and for the mechanistic studies. The cell lines were more sensitive to
SN38 (all IC50 values < 250 nM) than to TFT (all IC50 values > 450 nM). The drug
sensitivity for both drugs in the cell lines seems to be correlated, indicating that the
cell lines are sensitive or more resistant to the drugs regardless of the drug used.
WiDr and SW1116 were most resistant to both SN38 and TFT; H630 and Colo320
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were most sensitive to both SN38 and TFT. Representative growth inhibition curves
for SN38-induced growth inhibition for WiDr, H630 and Colo320 are shown in Figure
1.

Table 1.

Sensitivity of SN38 and TFT for the colon cancer cell lines.

Cell line

SN38

TFT

WiDr
H630
Colo320
SNU-C4
SW1116

50.7 ± 11.0
7.8 ± 1.4
4.3 ± 0.3
10.0 ± 2.9
235.0 ± 59.2

2025 ± 527#
453 ± 114#
533 ± 133#
830 ± 214
7450 ± 1340

Growth inhibition expressed as IC50 values (in nM) after exposure for
72 hr was determined as described in Materials and Methods. Values
are Means ± SEM (n=3-5). # Previously published values: [30].

Table 2. Combination analysis of SN38 combined with TFT using different treatment
schedules for the colon cancer cell lines.

simultaneous combinations
Cell line

1:1 ratio

WiDr
H630
Colo3 2 0
SNU-C4
SW1116

1.6 ±
0.9 ±
0.7 ±
1.2 ±
4.3 ±

0.4
0.1
0.1
0.2
2.1

SN38c
1.4 ±
0.9 ±
0.9 ±
1.1 ±
0.8 ±

0.3
0.2
0.1
0.1
0.2

TFTc
1.2 ±
1.7 ±
0.7 ±
1.0 ±
1.0 ±

0.2
0.3
0.1
0.1
0.2

sequential combinations
TFTc 72 hr

TFTc first 24 hr

0.6 ± 0.1
0.9 ± 0.1
0.4 ± 0.1
nd
nd

0.5 ± 0.1
0.6 ± 0.1
0.3 ± 0.1
nd
nd

Cells were incubated for a total period of 72 hr and exposed to TFT or SN38 alone or in combination.
1:1 ratio: the two drugs were added in a fixed 1:1 IC50-based molar ratio; SN38c: combination of the
drugs in which SN38 was kept at a constant concentration; TFTc: combination of the drugs in which
TFT was kept at a constant concentration. For the sequential combinations the SN38 concentration
series was added only the last 48 hr, where TFT remained in the medium (TFTc 72 hr) or the cells
were washed after 24 hr and TFT was only present in the medium the first 24 hr (TFTc first 24 hr).
Interpretation of CI values: CI<0.9 means synergism; CI=0.9-1.1 means additive; CI>1.1 means
antagonism. A mean CI was calculated from data points with FA>0.5 for the combinations with
variable drug ratio, and from the FA values 0.6, 0.75, 0.9 for the fixed ratio combinations. Values
(mean CI ± SEM) depicted here are based on 3-4 separate experiments. See also Materials and
methods. nd=not done.
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Figure 1. Representative growth inhibition curves for the combinations using a variable
drug ratio. Cells were exposed 72 hr to SN38, TFT or SN38+TFT in which SN38 was added at
variable concentrations (SN38v) and TFT was kept at a constant concentration (TFTc) inducing about
25% growth inhibition. (filled circles) = SN38v; (open triangles) = expected growth inhibition
calculated from the single drug doses; (filled squares) = TFTc+SN38v for 72 hr; (filled diamonds) =
TFTc 24 hr > SN38v 48 hr. The growth inhibition curves were obtained from 3-4 separate
experiments. Per experiment an average CI value was calculated from all data points with FA>0.5. All
SEM values < 15%.
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FA values were obtained after exposure of cells to a series of combinations of
SN38 or TFT. To illustrate the synergistic effects at different FA values FA-CI plots
are shown in Figure 2. The mean calculated CI values of all combination variants are
given in Table 2. The combinations of simultaneous SN38 with TFT were mainly
additive for both combination variants with a fixed or a variable drug ratio. Moderate
synergistic interactions were only seen in Colo320 (all CI≤0.9). For WiDr and H630
the combination in which TFT was kept at a constant concentration was even
moderately antagonistic. To investigate whether TFT pretreatment influenced SN38induced cytotoxicity sequential combinations were performed with WiDr, H630 and
Colo320 cell lines (see Table 2). These cell lines were selected because they were
more easily to handle for these experiments, and because the CI-values ranged from
synergistic to antagonistic for all conditions, while WiDr is representative for a
relatively insensitive cell line. The CI values decreased significantly when SN38 was
only added to the medium the last 48 hr of the total 72 hr incubation period (all
0.4<CI<0.9; p<0.05). Even more potent synergism was obtained when the cells
were pre-incubated with TFT for 24 hr followed by 48 hr exposure to SN38 alone (all
0.3<CI<0.6; p<0.03). For Colo320 both drug schedules induced a strong synergistic
interaction. The combinations for these cell lines are represented in Figure 1. These
cell lines were chosen for further evaluation because the drug combinations
apparently induced different effects.

Combination Index

2.0

1.5

1.0

0.5

0.0
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Fraction Affected
Figure 2.
Illustrative FA-CI plots for combinations of SN38 with TFT at different
schedules. H630 cells were exposed for 72 hr to different combinations of SN38 with TFT. SN38 was
added at variable concentrations (SN38v) and TFT was kept at a constant concentration (TFTc)
inducing FA=0.25. (circles) = SN38v+TFTc 72 hr; (squares) = TFTc first 24 hr > SN38v+TFTc last 48
hr; (triangles) = TFTc first 24 hr > SN38v last 48 hr. An average CI value was calculated from
datapoints with FA>0.5.
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Induction of DNA strand breaks
To evaluate whether the combination of SN38 with TFT would result in more
DNA damage, we measured the formation of DNA strand breaks, either after
simultaneous exposure or TFT pre-exposure (Figure 3). Less DNA damage was
induced in WiDr exposed to SN38 with or without TFT, compared to H630 and
Colo320. At IC50 values, SN38 induced a comparable extent of DNA strand breaks
compared to TFT, and in the presence of TFT this was only enhanced in Colo320
cells from 56% to 38% dsDNA left (p<0.05). When the cells were pre-incubated with
TFT before SN38 exposure the amount of DNA damage increased in H630 and
Colo320 (>20%), but nor in WiDr. This was most pronounced for H630 when the
drugs were given sequentially at their IC50 values (<15% dsDNA left; p<0.01).

IC50 TFT > IC50 SN38 + IC50 TFT

** *

Treatment schedule

IC50 TFT > IC50 SN38

**

WiDr
H630
Colo320

**

IC25 TFT > IC50 SN38 + IC25 TFT

*

IC25 TFT > IC50 SN38

**

IC50 SN38 + IC50 TFT

*

IC50 SN38
IC50 TFT

***
*

IC25 TFT
0

20

40

60

80

100

120

(%) dsDNA left after exposure
Figure 3.
Effect of TFT on SN38-induced DNA damage in WiDr, H630 and Colo320
cells. The cells were exposed 72 hr to TFT or SN38 alone or in combination, with or without 24 hr
TFT pre-exposure. VP16 served as a positive control with about 50% dsDNA left compared to control
(all three cell lines). Values are Means ± SEM (n=3). Compared to IC50 SN38 alone: * p<0.05; **
p<0.01.
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Induction of cell cycle arrest
The combination SN38-TFT was also evaluated using flow cytometric analysis
to determine the cell cycle distribution after 72 hr exposure to the drugs (Figure 4).
Cell cycle delay was predominantly induced by a G2M-phase arrest and was clearly
schedule- and cell line-dependent. The G1-phase cell populations were significantly
decreased (p<0.05) for all cell lines when exposed to IC50 concentrations of TFT
or/and SN38, probably as a result of DNA synthesis inhibition. In WiDr and Colo320 a
stronger cell cycle arrest was induced at IC50 TFT than at IC25 TFT. SN38 induced a
stronger G2M-phase arrest than TFT in the cell lines. The induction of growth arrest
when exposed to both TFT and SN38 was more pronounced in WiDr compared to
Colo320 and H630, although less DNA damage was induced in WiDr at these IC50
concentrations. Only in WiDr TFT enhanced SN38-induced cell cycle arrest at their
IC50s, which was about 20% (p<0.01). TFT-pre-incubation hardly affected the
induced G2M-phase arrests compared to the simultaneous combination of the drugs.
The concentration of TFT seemed to be less relevant in the sequential combination
schedules, because at both IC25 and IC50 concentrations an equal effect was seen.

Induction of apoptosis
Table 3 summarizes the results of apoptosis induction when the cells were
exposed to SN38 with or without TFT given in different schedules. The untreated
controls contained on average less than 3% apoptotic cells. Both drugs induced
significant apoptosis when added alone compared to the controls. Most apoptosis
was induced in the WiDr cell population at equal growth-inhibiting concentrations.
TFT hardly affected apoptosis induced by SN38 for WiDr and H630, but increased
apoptosis for Colo320 almost 3-fold (p<0.01) in the simultaneous combination. The
sequential combination of TFT and SN38 at their IC50s increased apoptosis induction
in the cell lines compared to exposure to SN38 at IC50.

Topo-I protein levels
The topo-I protein levels for the cell lines are depicted in Figure 5. These
levels did not directly correlate with the observed cytotoxicity of SN38. TFT hardly
affected the topo-I levels in these cells, indicating possible increase in formation of
cleavable complexes by TFT itself.
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Figure 4.
Effect of TFT and SN38 on cell cycle distribution of WiDr, H630 and Colo320
cells. The cells were exposed 72 hr to TFT or SN38 alone or in combination, with or without 24 hr
TFT pre-exposure. Values are Means ± SEM (n=4). (%) G2M compared to IC50 SN38 alone: * p<0.05;
** p<0.01.
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Table 3.

Induction of apoptosis by TFT and SN38 for the colon cancer cell lines.
Apoptosis Enrichment Factor

Drug treatment

WiDr

H630

Colo320

IC 25 TFT

1.7 ± 0.3 **

2.3 ± 0.4 **

1.8 ± 0.2 **

IC 50 TFT

13.8 ± 2.7

3.1 ± 0.3 *

9.5 ± 1.2

IC 50 SN38

18 ± 3.0

5.8 ± 1.0

5.8 ± 0.6

IC 50 SN38 + IC 50 TFT

15 ± 1.8

6.9 ± 1.2

15.8 ± 2.4 **

IC 50 SN38 last 48 hr

7.2 ± 1.7

2.8 ± 1.5

4.3 ± 1.4

IC 25 TFT > IC 50 SN38

17.7 ± 3.9

6.8 ± 1.6

5.5 ± 1.3

IC 25 TFT > IC 50 SN38 + IC 25 TFT

16.5 ± 4.3

4.3 ± 1.9

7.9 ± 2.2

IC 50 TFT > IC 50 SN38

22.5 ± 5.8

6.7 ± 1.3

10.1 ± 1.1 **

IC 50 TFT > IC 50 SN38 + IC 50 TFT

12.5 ± 2.0

3.6 ± 1.1 *

13 ± 0.9 **

Cells were incubated for a total period of 72 hr and exposed to TFT or SN38 alone or in combination, with or
without 24 hr TFT pre-exposure. In one set cells were washed after 24 hr pre-exposure to TFT followed by 48
hr exposure to SN38 (TFT > SN38); in the other set SN38 was added after 24 hr pre-exposure to TFT, where
TFT remained in the medium (TFT > SN38+TFT). The Apoptosis Enrichment Factor (AEF) is defined as: [(%)
apoptotic cells treated]/[(%) apoptotic cells untreated]. Values are Means ± SEM (n=4). AEF compared to IC50
SN38 alone: * p<0.05; ** p<0.01.

H630

SNU-C4

Colo320

SW1116

WiDr

− (0.9) +

− (1.1) +

− (1.5) +

− (0.9) +

− (1.0) +
(~100 kDa)

Figure 5.
Effect of TFT on the basal topo-I protein levels of the colon cancer cell lines.
Cells were exposed 24 hr to IC50 TFT. Numbers between brackets indicate ratio [+ TFT]/[− TFT],
corrected for the loading controls.

DISCUSSION
This study showed that TFT pretreatment can enhance SN38 cytotoxicity to
colorectal cancer cells significantly, which is related to increased DNA damage
followed by cell cycle arrest, resulting in increased cell death induction. Strongest
synergism was seen in Colo320 cells, in which TFT pre-incubation significantly
enhanced SN38-induced DNA damage and apoptosis. Combining SN38 and TFT
simultaneously was not more than additive in the cell lines, for both combinations
variants with a fixed or variable drug ratio.
Besides

the

importance

of

dose-scheduling

and

integration

of

the

pharmacokinetic drug profiles, the metabolic and biological interactions of the drugs
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must be positively assessed in order to obtain potential clinical efficacy. The H630
and Colo320 cell lines are comparably sensitive to SN38 and TFT, while WiDr is more
resistant to the drugs (Table 1), which can probably be explained by the different
cellular characteristics of the cell lines [34], such as drug transport mechanisms and
metabolic activation of the drugs. However, it was previously shown that no
correlation exists between CPT-11 activity and topo-I levels or relative S-phase
distribution in human colon cancer cells [35] and cells of other tissue origin [34],[36].
Topo-I intracellular levels are commonly upregulated in many types of cancer cells
[37], but are stable across the cell cycle [38]. Cells in late S-phase to early G2-phase
of the cell cycle are most sensitive to CPT-11 [39], because ongoing DNA replication
is an essential event for SN38-induced cytotoxicity. Our results showed an increase in
G2M population in the cell lines after exposure to SN38 alone or in combination with
TFT, which was most significant in WiDr. For the sensitive H630 and Colo320 cell
lines the arrest was not enhanced when TFT was added, for both sequential and
simultaneous combinations. These cell lines sustained more DNA damage than WiDr
at equal growth inhibiting concentrations of the drugs, either alone or in
combination, which suggests that DNA strand break formation is not directly related
to the induced G2M-arrest.
In Colo320 we observed synergism for both SN38-TFT sequential and
simultaneous combinations, thereby significantly increasing DNA damage and
apoptosis induction compared to SN38-exposure alone, whereas in H630 cells only
the sequential combination resulted in synergism with increased DNA strand break
formation, but not apoptosis. The differences between the cell lines with respect to
sensitivity to the combination of drugs are most likely at the level of SN38-induced
DNA strand breaks, but not related to difference in topo-I levels or changes in these
levels. SN38 acts by covalent binding to the enzyme-DNA cleavable complex,
resulting in irreversible DNA replication arrest and DNA strand breaks with
subsequent S- or G2M-arrest, and ultimately cell death [8],[9]. Goldwasser and
colleagues [35] previously determined that CPT-11-induced growth inhibition and
cleavable complexes correlated well, although these ternary complexes are not
directly cytotoxic to non-proliferating cells. TFT is able to enhance DNA strand break
formation in the cells, especially in the sequential exposure schedule for H630. This
can be explained by the fact that TFT induces strand breaks itself through direct
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incorporation into DNA [19], and in addition, TFT might also have other indirect
effects on topo-I activity. Downstream parameters from the cleavable complexes are
probably also critical for CPT-11-induced growth inhibition, because differences in
CPT-11 sensitivity show minimal differences in cleavable complexes and S-phase
distribution [35].
The topo-I cleavable complexes trapped by CPT-11 in cancer cells may be
enhanced by nucleoside analogs, and therefore may contribute to the synergistic or
additive effects of CPT-11 when in combination. A wide range of alterations in DNA
can trap topo-I cleavable complexes [40], including uracil misincorporation and
incorporation of certain nucleoside analogs [41], such as 5FU [13], 1-beta-Darabinofuranosyl cytidine (AraC) [42] and dFdC [14]. It is unknown whether TFT
itself is able to form cleavable complexes or enhances formation of CPT-11-induced
cleavable complexes. TFT has overlapping mechanisms of action as 5FU and
therefore it is likely that TFT also mediates comparable cytotoxic effects, and topo-I
poisoning may partly contribute to the overall anticancer activity of TFT.
Synergism between CPT-11 and 5FU in colorectal cancer cells increased when
a sequential dose-schedule was used, both in vitro [43],[44] and in vivo [45],[46], in
contrast to simultaneous drug exposure. The most cytotoxic schedule was SN38
followed by 5FU exposure, with increased DNA damage induction. We demonstrated
that the antitumour activity of SN38 against colon cancer cells can be increased by
TFT pretreatment, in contrast to 5FU pretreatment, which often results in additive or
even antagonistic effects [43]. In vivo repeated scheduling led to more incorporation
of TFT into DNA resulting in increased DNA damage [47],[19]; therefore alternating
TFT and CPT-11 administration (TFT first) would be the most suitable clinical
treatment schedule. TFT concentrations used in the experiments are in the range
found in phase I studies with TAS-102 [47]. The SN38 concentrations are also in the
range of repeated plasma SN38 concentrations at prolonged infusion [48], while the
120 min infusions generate higher SN38 plasma concentrations. TFT is active against
5FU-resistant tumours [22],[23] and therefore might be a potent alternative to be
combined with CPT-11, also because SN38-induced DNA damage can be increased by
TFT pretreatment.
DNA lesions induced by CPT-11 are mainly repaired by nucleotide excision
repair (NER) and DNA double-strand break repair (DSBR) [40] and possibly DNA
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mismatch repair (MMR), which plays an important role in detecting fluoropyrimidine
induced damage [49]. The CPT-11 plus 5FU combination is partly based on
decreased repair of CPT-11 induced DNA damage [43], possibly leading to increased
induction of apoptosis. It seems that the combination of TFT and SN38 is also based
on decreased DNA repair, such as in Colo320 in this study.
In conclusion, these in vitro results provide a rationale for the experimental
use of TFT together with SN38, suggesting that the drug might be of potential value
in the (second-line) treatment of patients with advanced colorectal cancer. The
antitumour effects of this combination might even be increased in vivo, because TAS102 also consists of TPI, which, besides improving the bioavailability of TFT, also has
anti-angiogenic [18] and anti-metastatic properties [50]. Furthermore, the approval
of the biological agents bevacizumab (Avastin®) and cetuximab (Erbitux®) might also
be of interest in potential TAS-102 involving combinations, with respect to enhanced
inhibition of angiogenesis or EGFR targeting, respectively.
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ABSTRACT
Trifluorothymidine (TFT) is part of the novel formulation TAS-102, in which
TFT is combined with potent thymidine phosphorylase inhibitor (TPI). TAS-102 is
currently tested as an oral chemotherapeutic in different schedules in several phase I
and II studies. In its monophosphate form TFT can inhibit thymidylate synthase (TS)
activity after binding to the TS-nucleotide binding site leading to dTTP depletion, and
in its triphosphate form TFT is incorporated into DNA, eventually leading to DNA
damage.
We induced resistance to TFT in the human colon cancer cell line H630 using
different exposure schedules. Cells were exposed continuously to TFT and the
concentration was increased stepwise (final 20 µM); alternatively, cells were exposed
intermittently to TFT 4 hr/week (final 250 µM), resulting in the TFT-resistant H630
variants H630-cTFT and H630-4TFT, respectively.
H630-4TFT and H630-cTFT were >200-fold resistant compared to H630,
resistance was retained for at least 30 days when cultured in drug-free medium. Both
cell lines were cross-resistant to 2’-deoxy-5-fluorouridine (>170-fold), which is
activated by TK, but not to 5FU or 5’-deoxy-5-fluorouridine, which is activated by TP.
The cell cycle distribution in H630 cells changed significantly after exposure to
[IC75]TFT or higher concentrations. In H630 cells S- and G2M-phase cell populations
increased by 16.5 % and 19.9 % respectively (p<0.01), in the resistant cell lines no
change was observed after exposure to TFT concentrations up to [IC75], indicating
cell cycle disturbance, which might be related to resistance.
Western blot results showed that TS protein levels remained unchanged in
both TFT-resistant cell lines, but TK protein levels were significantly decreased in
H630-4TFT, and remained unchanged in H630-cTFT. Total TK activity was
significantly lower in H630-4TFT (>90%) but, surprisingly, total TK activity was
increased in H630-cTFT cells. There was no difference in TP activity between the
TFT-resistant cell lines and the parental cell line. Whole human genome microarray
analysis showed that TK, TS and TP mRNA levels remained unchanged in both cell
lines. Surprisingly, in H630-cTFT we observed a strong increase in mRNA levels of
secretory phospholipase A2 (about 45-fold), which plays a role in phospholipid
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remodelling and prostaglandin synthesis, but also fas-mediated apoptosis, indicating
that a strong disturbance in signal transduction was induced.
Altogether we can conclude that decreased TK expression and enzyme activity
is an important mechanism for resistance to TFT, as well as phospholipid
metabolism, but that this was dependent on the manner of induction of resistance.

INTRODUCTION
The

fluorinated

pyrimidine

analog

5-trifluoro-2’-deoxythymidine

(TFT;

trifluridine) is a cytotoxic agent that is part of the novel drug combination TAS-102
[1],[2],[3], which is currently tested in phase I clinical trials as an oral
chemotherapeutic regimen. TFT enters human cells by facilitated diffusion after
which it is phosphorylated to its monophosphate derivative (TF-TMP) by thymidine
kinase (TK) (Figure 1). TF-TMP binds covalently to the active site of thymidylate
synthase (TS) thereby inhibiting its activity [4],[5],[6]. TS catalyzes the methylation
of

2'-deoxyuridine-5'-monophosphate

(dUMP)

to

2'-deoxythymidine-5'-

monophosphate (dTMP), in which 5,10-methylene-tetrahydrofolate (CH2-THF) serves
as the methyl-donor [7]. Because TS is a rate-limiting enzyme in the pyrimidine de

novo deoxynucleotide synthesis it is an excellent target for chemotherapeutic
strategies [8],[9]. Inhibition of TS results in depletion of dTTP and an increase in
dUTP in the cell (thymine-less state), resulting in misincorporation of dUTP into DNA
[10],[11]. The triphosphate form of TFT (TF-TTP) can also be incorporated into the
DNA, leading to DNA strand breaks [12]. The dTTP/dUTP imbalance and DNA
damage induction results in an induction of downstream events leading to cell death
[13],[14].
TS can be inhibited by several cytotoxic agents that are active against colon
cancer, such as the 5-fluorouracil (5FU) derived metabolite 5-fluoro-2’-deoxyuridine5'-monophosphate (FdUMP) [15] and antifolates [16],[17]. In colon cancer cells TS is
often overexpressed resulting in possible drug resistance, which in turn is associated
with poor response and/or survival rates in patients [18],[19],[20]. Other resistance
mechanisms include decreased transport into the cell, such as reduced expression or
mutated forms of the reduced folate carrier (RFC), leading to resistance to antifolates
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[21]. Resistance to nucleoside analogs is in general conferred by direct alterations in
(expression of) enzymes involved in fluoropyrimidine metabolism [4],[22]. This
means that next to increased expression of the target enzyme TS, decreased
activation by TK or increased degradation by thymidine phosphorylase (TP) are
possible mechanisms responsible for (induced) resistance to TFT (Figure 1).
Decreased cellular uptake through nucleoside transporters [23] and increased export
by multi-drug resistance proteins (MRP) might play a role as well [24].
TF-Thy
TP

TPI

TFT

TF-TMP

TF-TDP

TF-TTP

TK
DNA

dUMP

dTMP

dTDP

dTTP

TS
Figure 1. Mechanism of action of TFT. TP = thymidine phosphorylase, TK = thymidine kinase, TS
= thymidylate synthase. TFT together with a potent inhibitor of TP (TPI) forms the novel drug
combination TAS-102.

Although resistance to TS-inhibiting nucleoside analogs may be multifactorial, in several studies on colon cancer cell lines resistance to these agents is
often associated with increased TS levels [18],[25]. E.g., the H630 cells resistant to
5FU (H630-R10) showed increased TS mRNA, protein and enzyme activity levels
[25],[26]. In contrast, H630 cells made resistant to the antifolate raltitrexed
(ZD1694; Tomudex) showed impaired RFC transport [27], but WiDr cells made
resistent to the antifolate pemetrexed (ALIMTA) had increased TS levels as well [28].
However, Murakami et al. [29] showed that 5FU acquired-resistant DLD-1 colorectal
cancer cells had a lowered activity of orotate phosphoribosyltransferase (OPRT), an
important 5FU-activating enzyme, and the cells were not cross-resistant to TFT. In
contrast, TFT acquired-resistant DLD-1 cells had normal TS levels, but a heavily
decreased TK activity, and were cross-resistant to 5-fluoro-2’-deoxyuridine (FdUrd),
which is activated by TK. This shows that 5FU-resistant colon cancer cells are not
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necessarily cross-resistant to TFT, explaining that TFT can exert antitumor activity
against 5FU-resistant cancer cells [30].
In the present in vitro study, we aimed to characterize whether different
protocols to induce resistance to TFT would also result in various types of resistance
mechanisms. For this purpose we used human H630 colon cancer cells, in which
resistance to TFT was induced, either by classical continuous exposure to low
concentrations of TFT, or by intermittent short exposure to high TFT concentrations
every week, which is in general a more clinically relevant schedule. The TFT
acquired-resistant H630 variants were characterized for expression and activity levels
of the major enzymes involved in TFT metabolism, but were also analyzed by whole
human genome microarray analysis, to unravel novel mechanisms.

MATERIALS & METHODS
Drugs and biochemicals
TFT

and

TPI

(5-chloro-6-[1-(2-iminopyrrolidinyl)methyl]-uracil

hydrochloride)

were

synthesized and kindly provided by Taiho Pharmaceuticals Co. (Tokushima, Japan). GW1843
was obtained from GlaxoSmithKline Inc. (Research Triangle Park, NC, USA). 4bromophenacyl
doxifluridine),

bromide

(4-BPB),

5FU,

FdUrd,

2',3'-didehydrodideoxythymidine

(d4T;

5’-deoxy-5-fluorouridine
stavudine),

thymidine

(5’DFUR;
(TdR),

deoxycytidinetriphosphate (dCTP), CH2-THF, sulforhodamine B (SRB) and propidium iodide
(PI) were purchased from Sigma-Aldrich Chemicals (Zwijndrecht, The Netherlands). Bovine
serum albumin (BSA) was from Merck (Darmstadt, Germany). 3'-deoxy-3'-fluorothymidine
(FLT; alovudine) was kindly provided by Dr. Carla Molthoff (Dept. of Nuclear Medicine and
PET Research, VUmc, Amsterdam, the Netherlands). [6-3H]-FdUMP (specific activity 10.7
Ci/mmol) was purchased from Moravek Biochemicals Inc. (Brea, CA, USA). [5-3H]-dUMP
(specific activity 16.2 Ci/mmol), [2-14C]-TdR (specific activity 57.0 mCi/mmol) and Hybond
Enhanced ChemoLuminescence (ECL) detection kit were purchased from Amersham
Biosciences Int. (Buckinghamshire, UK). The Ultima Gold liquid scintillation fluid was from
PerkinElmer Life and Analytical Sciences (Boston, MA, USA) and acrylamide/bisacrylamide
(29:1) was from Bio-Rad (Hercules, CA, USA). The primary monoclonal antibodies mouseanti-human TS and mouse-anti-human TK were purchased from NeoMarkers (clone TS106;
Fremont, CA, USA) and QED Bioscience (San Diego, CA, USA), respectively. The primary
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mouse-anti-human β-actin and secondary horseradish peroxidase-conjugated antibodies
were purchased from DAKO (Glostrup, Denmark). All other chemicals were of analytical
grade and commercially available.

Cell lines
H630 is a cell line derived from human colorectal carcinoma and its origin and characteristics
have been described previously [31]. Resistance to TFT was induced by a 4 hr exposure
every 7 days (starting at 5 µM) and continuous exposure (starting at 0.5 µM) to stepwise
increasing concentrations of TFT (depending on the growth rate observed) over a period of
12 months. This resulted in the H630 variants H630-4TFT and H630-cTFT resistant to 250
µM and 20 µM TFT, respectively. As reference cell line we also used H630-R10, which is a
5FU-resistant cell line derived from H630, and grows in the presence of 10 µM 5FU [26]. The
cell lines were cultured in DMEM medium (without antibiotics) supplemented with 10% heatinactivated fetal bovine serum (FBS; Greiner Bio-One, Frickenhausen, Germany) and 20 mM
Hepes buffer (Cambrex BioScience, Verviers, Belgium). The cell lines grew as adherent
monolayers at 37 ºC in a humidified atmosphere containing 5% CO2 and were maintained in
exponential growth with doubling times of 27 and 25 hr, respectively, compared to 24 hr for
the parental H630 cells. On removal of TFT, the acquired resistance was at least two weeks
for both H630 variants.

Growth inhibition studies
Sensitivity of the cell lines to TFT (± TPI), GW1843, 5FU, FdUrd, 5’DFUR, d4T and FLT
(Figure 2) were determined with the SRB cytotoxicity assay [32],[33]. The 4-BPB drug [34]
was used to see whether inhibition of secretory phospholipase A2 (sPLA2) activity influenced
sensitivity to TFT. The cells (5000 cells/well) were exposed to various concentrations
(ranging from 10-10 to 10-3 M) of the drugs for 72 hr. After this incubation period, the cells
were fixed with trichloro-acetic acid (TCA) and stained with the SRB protein dye. The IC50
values were defined as the concentrations that correspond to a reduction of cellular growth
by 50% when compared to the values of untreated control cells [33].
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Figure 2. Chemical structures of the drugs used in this study.

Flow cytometry analysis
Cell cycle distribution was measured on the cell lines exposed to TFT, as described before
[35]. Briefly, a series of 6-wells plates were filled with cell suspensions (2x105 cells/well).
After 24 hr the cells were exposed to the drugs for 48 hr. The cells were harvested,
resuspended in hypotonic PI-solution (0.5 mg/ml RNase A, 0.05 mg/ml PI, 1 mg/ml sodium
citrate, 1µl/ml Triton X-100) and incubated on ice (in the dark, at least 15 min), whereafter
cell cycle distribution was measured by means of flow cytometry (FACScan, Becton Dickinson
Immunocytometry Systems). For each measurement 20,000 cells were counted and each cell
line was assayed in duplicate. The percentage of cells in the G0/G1-, S-, or G2/M-phase of
the cell cycle was determined with CellQuest software (Becton Dickinson). The total number
of cells in these three fractions was set at 100%.

Enzyme assays
The TS, TK and TP enzyme activities in the cell lines were determined according to
previously described methods, which were summarized by van der Wilt et al. [36]. For each
assay frozen cell pellets were suspended into their appropriate assay buffer and aliquots
were taken for measuring protein content using the Bradford protein assay [37]. The FdUMP
binding assay was performed to determine the number of free FdUMP binding sites of TS
(using [6-3H]-FdUMP), and the TS catalytic assay was performed to measure the catalytic
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activity of TS by measuring the release of tritiated water in the TS catalyzed conversion of
[5-3H]-dUMP into dTMP [38]. TS activity was measured at saturating substrate concentration
(10 µM dUMP) and at approximate half-saturating substrate concentration (1 µM dUMP).
Total TK activity consisting of cytosolic TK1 and mitochondrial TK2 was measured as
described by Ruiz van Haperen et al. [39]. Using [2-14C]-TdR we measured phosphorylation
of TdR to dTMP. To determine TK1 activity only, a specific inhibitor of TK2 (dCTP) was added
to the substrate solution (final concentration 10 mM) [40]. TP activity was determined using
a non-radioactive assay, as previously described by our group [41],[42]. In this assay only
cold TdR was used as a substrate to measure TP activity. Enzyme activity was calculated by
the conversion of TdR into thymine, and the compounds were separated by highperformance liquid chromatography (HPLC) analysis.

Western blot analysis
For determination of protein expression of TS and TK we used a modified protocol, which
was adapted from Van Triest et al. [38]. Briefly, frozen cell pellets were lysed in TBS buffer
(10 mM Tris/HCl, 5 mM EDTA, 150 mM NaCl; pH 7.6) containing 0.1% Triton X-100 (2x107
cells/ml). Protein content was measured using the Bradford protein assay [37]. After
sonification and centrifugation, a total of 20 µg protein from the supernatant was loaded and
separated on a 10% SDS-PAGE gel, followed by blotting on a nitrocellulose membrane
(Amersham). To prevent aspecific antibody binding, the membranes were pre-incubated O/N
at 4°C with blocking buffer (TBS buffer containing 0.05% Tween-20 (TBS-T), 5%
milkpowder). The primary antibodies were added and incubated at RT for 1 hr. After washing
steps with TBS-T, the secondary horseradish peroxidase-conjugated antibodies were added
(diluted in blocking buffer containing 1% milkpowder). After the washing steps the antibody
binding was detected by means of ECL and autoradiography. Quantification of the protein
bands was performed by densitometric scanning.

Total RNA isolation
Total RNA isolations from separate harvests of H630, H630-4TFT, H630-cTFT cells were
performed using the TriZol method according to the manufacturer's protocol (Invitrogen,
Leek, The Netherlands). Total RNA concentration was measured by A260 (Nanodrop
Spectrophotometer) and RNA quality was judged on a 1.2% agarose gel. Samples were
solved in DMPC-treated H2O and stored at –80ºC prior use in either the microarray
hybridizations or real-time PCR confirmation of the microarray results.
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Microarray procedures
The human OligoLibrary (Compugen/Sigma-Aldrich) containing 30K 60-mer oligonucleotides
representing human separate genes was resuspended to a concentration of 10 µM in 150
mM sodium phosphate buffer (pH 8.5), and spotted in duplicate using the SpotArray 72
(PerkinElmer, Zaventem, Belgium), as partially described [43]. Slides were processed
according to the manufacturer’s protocol. Single stranded cDNA was synthesized from 30 µg
of total RNA by reverse transcription using aminoallyl-labeled dUTP (Ambion Ltd.,
Huntingdon, UK) [44]. Labeling with fluorolink monofunctional Cy5 or Cy3 dye (Amersham)
was

performed

according

to

the

labeling

protocol

developed

by

DeRisi

(http://www.labonweb.com).
The labeling procedure was described in detail previously by our group [45]. Qiaquick PCR
purification columns (Qiagen) were used to remove the uncoupled dyes. (Pre-)hybridization
was done using the HybArray 12 (PerkinElmer), and arrays were scanned using a ScanArray
Express laser scanner (PerkinElmer). Analysis was performed using ImaGene and BlueFuse
software. Cy3/Cy5 ratios were calculated by taking the log2 of the 'signal mean' of each spot,
followed by a standard normalization for spot intensity and calculation of the ratios.

Statistical analysis
The Student's t-test for unpaired data was used for the differences between H630 and the
TFT-resistant variants. Differences were considered significant when p<0.05.

RESULTS

Growth inhibition studies
Resistance to TFT was induced in H630 by gradually increasing TFT
concentrations, starting from 0.5 µM (continuously) or 5 µM (4 hr/7 days), which
over a period of several months resulted in H630-cTFT and H630-4TFT, respectively,
with final levels of resistance of 20 µM and 250 µM TFT, respectively. For H630-cTFT
the concentrations were increased using only 0.5 µM steps, which required about 5
months to induce resistance to 10 µM TFT. For H630-4TFT the concentrations were
increased using steps of 5 µM, which required about 3 months to induce resistance
to 50 µM TFT, whereafter 20 µM steps were used to further increase TFT resistance.
With the SRB assay the cell lines were tested for TFT sensitivity several times during
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the procedure. H630-cTFT and H630-4TFT have comparable growth rates compared
to the parental H630 (doubling time of 24 hr), and cellular morphology remained
unchanged.
The resistance of these cell lines to TFT are shown in Table 1, and compared
to several other drugs that are affected by one of the possible targets of TFT.
Resistance factors (RFs) of 1320 and 336 were found for H630-4TFT and H630-cTFT,
respectively, which were higher than H630-R10. The resistance was maintained for at
least two weeks when the cell lines were grown in TFT-free medium, and decreased
about 35% after growing in TFT-free medium for 30 days. As expected, the TP
inhibitor TPI did not affect TFT sensitivity (data not shown), since earlier experiments
showed that TPI did not affect TFT sensitivity of colon cancer cells with high or low
TP expression [2].
The cell lines were tested for cross-resistance to other drugs, which either
have a similar molecular structure or mechanism of action compared to TFT (Figure
1); the drugs GW1843, 5FU, FdUrd, 5’DFUR, d4T and FLT (Figure 2) were tested.
H630-4TFT and H630-cTFT were not cross-resistant to the specific and potent folatebased TS inhibitor GW1843. The H630-cTFT cells were about 2-fold resistant to 5FU
and 5’DFUR. However, both cell lines were clearly cross-resistant to FdUrd (>145fold; p<0.05), which needs to be activated by TK, and is targeted to TS. The H630
cells were relatively insensitive to the anti-HIV drug d4T, which is activated by TK1
[46], and the H630 variants were comparably insensitive to the drug. FLT is also a
substrate for TK1 [46], and was non-toxic to the cells with IC50>1mM (data not
shown). As expected, H630-R10 with its high TS levels was resistant to 5FU, FdUrd
and 5’DFUR (at least 8-fold; all p<0.01) and cross-resistant to TFT.
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Table 1. Growth inhibition of different drugs for the TFT-resistant colon cancer cell lines.

TFT

Cel l line
at day 0

RF
at day 30

5FU

FdUrd

5DFUR

d4 T

+ 4-BPB

H630

0.5 ± 0.1#

H630-4TFT

660 ± 70**

431 ± 33*

593 ± 34

H630-cTFT

168 ± 30**

107 ± 4.4*

H630-R10

149 ± 9 **

nd

0.4 ± 0.2

#

GW 1843

5. 6 ± 0.9

3.3 ± 0. 7 0.04 ± 0. 00 3

60 ± 8

384 ± 2 1

1320

3. 4 ± 0.1

4.2 ± 0. 6

7.1 ± 1. 0**

69 ± 7

397 ± 9

49 ± 9**

336

7. 5 ± 0.4

6.5 ± 1. 0

5.9 ± 1.6*

112 ± 22

500 ± 5 5

nd

298

nd

16 7 ± 26**

15 ± 2.7** 497 ± 50** 567 ± 3 3

Values (IC50 in µM; in nM for GW1843) are Means ± SEM of at least 3 experiments. Sensitivity to TFT was determined directly after continuous exposure of
cells to TFT (at day 0), or after 30 days growing in TFT-free medium (at day 30). H630-R10 is a 5FU-resistant cell line growing in medium containing 10 µM
5FU. RF = Resistance Factor (average IC50 variants/average IC50 H630). Compared to H630: * p<0.05; ** p<0.01. # previously published: [2].
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Cell cycle distribution
Figure 3 depicts the results for the cell cycle distribution in untreated H630,
H630-4TFT and H630-cTFT cells, and after exposure to 10 µM and 250 µM TFT (IC75
and IC90 values of H630, respectively). No clear difference in cycle distribution in the
untreated cells was observed, although H630-cTFT cells tended to have a higher
G2M-phase arrest. For H630 a strong cell cycle arrest was induced after exposure to
10 µM TFT (p<0.01), which was not observed for both H630-4TFT and H630-cTFT.
As expected, in the very resistant H630-4TFT cells the cell cycle distribution hardly
changed when exposed to 250 µM TFT. In contrast, an S-phase arrest was induced in
the less resistant H630-cTFT after exposure to 250 µM TFT, probably because this

Cell cycle phase distribution (%)
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Figure 3. Effect of TFT on cell cycle distribution in H630 and the TFT-resistant variants
H630-4TFT and H630-cTFT. The cell lines were exposed 48 hr to 10 µM or 250 µM TFT. Values are
Means ± SEM of 3 separate experiments. Compared to control: * p<0.05; ** p<0.01.

Changes in enzyme levels in the TFT-resistant H630 variants
Table 2 shows the levels of potential target and metabolizing enzymes in
H630, H630-4TFT and H630-cTFT cell lines. Elevated TS might be a mechanism
responsible for the acquired TFT resistance. Surprisingly, TS activity was decreased
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in the H630-4TFT cells at both half-saturating (1 µM) and saturating (10 µM)
substrate concentrations (>50%; p<0.05), but no change in TS activity was seen in
the H630-cTFT cells. The amount of FdUMP binding sites remained unchanged in
both cell lines. Western blot analysis (Figure 4) showed no significant change in TS
protein levels in the TFT-resistant cell lines. TK protein and TK activity levels were
significantly decreased in H630-4TFT (95% or more; p<0.01), which clearly explains
the resistance to TFT, but also the resistance to FdUrd. Remarkably, in H630-cTFT
total TK activity (including both the cytosolic TK1 and the mitochondrial TK2) was
increased in these cells over 2-fold (p<0.05), thereby possibly increasing TFT
activation. The TK2-inhibitor dCTP decreased total TK activity about 75% in all three
cell lines; the TK1 activities showed a similar pattern as the total TK activity values.
TP activity did not change in the TFT-resistant cell lines. These data indicate that for
H630-cTFT another mechanism is responsible for the observed TFT- and FdUrdresistance.

Table 2. TS, TK, TP levels in H630 cells and the TFT-resistant variants H630-4TFT and
H630-cTFT.

Cell line
H630

H630-4TFT

H630-cTFT

FdUMP binding sites

0.52 ± 0.13

0.34 ± 0. 08

0.77 ± 0.23

TS activity: at 1 µM dUMP

0.53 ± 0.03

0.23 ± 0. 08*

0.56 ± 0.03

TS activity: at 10 µM dUMP

1.93 ± 0.23

0.58 ± 0. 14*

1.89 ± 0.23

TS protein expres sion (%)#

100

122.3 ± 21.2

88.7 ± 9.1

TK protein expres sion (%)#

100

<5

154 ± 28.6

Total TK activity

9.04 ± 1.08

0.57 ± 0. 06** 21.28 ± 0.25*

TK1 activity

2.96 ± 0.35

0.16 ± 0. 01*

4.07 ± 1.13

TP activity

18.96 ± 2.93

16.76 ± 2.60

20.68 ± 2.72

Values are Means ± SEM of at least 3 experiments. FdUMP binding sites in fmol/mg protein;
enzyme activities in nmol/hr/mg protein. # Relative density compared to H630: * p<0.05; ** p<0.01.
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TS (36 kDa)
TK (29 kDa)
H630-R10

H630

H630-4TFT H630-cTFT

Figure 4. TK and TS protein levels in the H630 cell lines. Equal protein amounts from
unexposed cells were used for Western blotting, as described in the Materials and methods section.

Microarray gene expression profiling
The analysis of the investigated resistance variables for TFT revealed a clear
logic explanation for H630-4TFT, but not for H630-cTFT. In order to elucidate this
resistance mechanism, we performed a whole human genome microarray analysis to
identify changes in mRNA levels. Of the 30K genes spotted, a total of 34 genes were
up- (19) or downregulated (15) in mRNA levels at least 2-fold in H630-cTFT
compared to H630 (Table 3). These were mainly involved in energy and lipid
metabolism, protein biosynthesis, signal transduction, cell-cell signaling, cell
proliferation and migration. The genes were located on different chromosomes,
which makes amplification or deletion of a specific part of a chromosome unlikely.
The most significant result was an increase in sPLA2 mRNA expression, which could
easily be judged by the eye (data not shown), and was observed for different
harvests of H630-cTFT cells. The log2 ratio was outside the SD range of the average
log2 ratio of all spotted genes. However, the genes directly or possibly involved in
TFT metabolism did not show any significant change in mRNA levels (Table 3). For
H630-4TFT we found a total of 67 genes to be differentially expressed 2 to 5-fold (19
up, 48 down). TK levels were clearly decreased in these cells (Table 2). The
Superoxide dismutase 1 (up) and G protein-coupled receptor 56 (down) were the
only two genes found differentially expressed in both TFT-resistant cell lines.
The PLA2 inhibitor 4-BPB [34] was used to see whether this reduced TFT
resistance. 4-BPB did not change TFT resistance for H630 and H630-4TFT, but for
H630-cTFT the TFT resistance was reduced about 70% (p<0.01), thus not
completely to parental level (Table 1).
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Table 3. Microarray expression analysis of genes to determine possible changes mRNA levels for H630cTFT compared to H630.

Genes that were significantly up- or downregulated at least log 2-fold with confidence P>0.95 were selected. Data are expressed as the ratio between mRNA
levels of H630cTFT compared to H630.
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DISCUSSION
In the present study, we describe the induction of acquired resistance to TFT
in H630 colon cancer cells. The use of alternative exposure schedules (intermittent,
continuous) yielded two H630-derived TFT-resistant cell lines with different
mechanisms of resistance, underlining the importance of drug scheduling in inducing
resistance to a fluoropyrimidine.
In contrast to 5FU, TFT activation only involves one activation step in order to
exert cytotoxicity within a few hours [2]. To convert TFT to its active forms sufficient
TK activity is essential, as previously demonstrated by our group in FM3A mouse
breast cancer cells lacking TK activity [4]. Until now, various colon cancer cell lines
have been made resistant to TFT after continuous exposure by increasing drug
concentrations. Surprisingly, this did not result in decreased TK activity in our study,
as was previously reported by Murakami et al. [29]. The H630-4TFT cells, made TFTresistant by an intermittent exposure schedule, had decreased total TK activity and
protein levels. However, H630-4TFT cells were cross-resistant to FdUrd due to
decreased TK, which is in agreement with the results obtained by Murakami et al.
These data indicate that induction of resistance may result in a schedule dependent
form of resistance.
TP activity remained at control levels in both TFT-resistant cell lines, indicating
no increased TFT degradation in these cells. Previously we demonstrated that
increased TP levels are not directly associated with TFT resistance, since in vitro TFT
cytotoxicity is hardly affected in cancer cells expressing high TP [2],[47], in contrast
to 5;DFUR cytotoxicity, where increased TP levels may enhance 5’DFUR activation.
Only at very short TFT exposure inhibition of TP affects TFT cytotoxicity in
Colo320TP1 cells expressing very high TP, as TFT would not be activated to a large
extent and degradation of TFT by TP might influence TFT cytotoxicity subsequently
[2]. This is in agreement with Emura et al. [48], who previously determined that the
TK/TP enzyme activity ratio in solid tumors significantly correlates with tumor growth
inhibition, suggesting that the total balance of activation and degradation of TFT may
affect the in vivo antitumor effects of the TAS-102 drug combination. Therefore the
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ratio of TK and TP activity might be a good parameter for evaluating tumor
sensitivity to TAS-102.
Increased TS levels often result in resistance to TS inhibitors. In vitro studies
have shown that 5FU resistance in human tumor cells is often the result of increase
in TS mRNA and/or protein expression [18] and that TS activity is the best predictor
for 5FU sensitivity [38],[8]. For antifolate TS inhibitors multiple sensitivity
determinants are of importance to induce resistance [38], but includes TS enzyme
kinetics, as determined for pemetrexed (ALIMTA, MTA) [28]. 5FU- or antifolate
resistant colorectal cancer cells with increased TS levels might show cross-resistance
to TFT [2],[29], but TFT can also be effective against 5FU/FdUrd-resistant colorectal
cancer cells with increased TS levels [30],[29]. However, in this study no significant
increase in TS levels was detected in both TFT-resistant cell lines, and no crossresistance to 5FU, 5’DFUR and the antifolate GW1843 was observed. Therefore
resistance to TS inhibitors is not always associated with increased TS levels, and
TAS-102 may be effective against 5FU/FdUrd-resistant tumors caused by increased
TS levels.
No change in TS activity was observed in H630-cTFT, in contrast to H630-R10,
which was made resistant to 5FU by continuous exposure [25] and has increased TS
levels, resulting in cross-resistance to TFT. FdUrd-resistant DLD-1 colon cancer cells
made resistant by continuous exposure to the drug and which have increased TS
levels, are also cross-resistant to TFT [29], indicating that in addition to decreased
TK activity, as shown in H30-4TFT, increased TS levels can cause TFT resistance. On
the other hand, H630-cTFT is also cross-resistant to FdUrd, but TK activity was
remarkably increased in H630-cTFT cells, indicating that another mechanism than
increased TS or decreased TK is responsible for this mechanism of resistance.
In order to further elucidate the mechanisms of TFT resistance additional
expression microarray experiments were performed in H630-4TFT and H630-cTFT
cell lines. Interestingly, no decrease in TK mRNA levels in H630-4TFT was detected,
indicating a posttranslational event. Induction of TFT resistance by deficient TK
activity was demonstrated before in L5178Y mouse lymphoma cells [49], and
chromosome

analysis

demonstrated

that

primarily

translocations

involving

chromosome 11, which carries the functional TK gene, were induced [50],[51].
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However, for H630-4TFT the found differentially expressed genes were located on
multiple chromosomes, which makes amplification or deletion of a specific part of a
chromosome unlikely. The enzyme and growth inhibition studies were not able to
explain the resistance phenotype of H630-cTFT and the microarray data analysis
showed that mRNA levels of the genes involved in TFT metabolism remained
unchanged. However, most of the differentially expressed genes found in this cell
line are involved in energy metabolism, signal transduction, growth and proliferation.
The

most

significant

result

was

the

enormous

upregulation

of

secretory

phospholipase A2 (sPLA2) in H630-cTFT cells. It has been observed before that PLA2
expression has a role in carcinogenesis, such as gastric cancer [52], prostate cancer
[53],[54],[55] and colorectal cancers [56],[57],[58]. Furthermore, sPLA2 is currently
also under investigation in liposome-mediated drug target delivered therapies, where
increased sPLA2 activity in the tumor microenvironment is used as a trigger for the
release of anticancer etherlipids [59],[60]. sPLA2 is generally involved in phospholipid
remodelling and arachidonic acid release in cells [61],[62]. Phospholipases A2
determine most of the arachidonic acid release in cells, which can be converted
through the cyclooxygenase (COX) pathway into prostaglandins, which are involved
in a number of (patho)physiological processes, such as cell-cell signaling,
inflammation, mitogenic signalling and intracellular signal transduction, including cell
cycle regulation, cell survival and proliferation and fas-mediated apoptosis [62].
Attiga et al. [63] demonstrated that prostaglandin synthesis inhibitors can inhibit
human prostate tumor cell invasiveness, indicating the indirect tumor promoting
effect of upregulated sPLA2. Thus upregulation of sPLA2 in H630-cTFT cells suggests
a strong disturbance in signal transduction and energy and lipid metabolism,
resulting in a growth advantage although the exact mechanism leading to TFT
resistance remains to be elucidated.
We can conclude that a decreased TK expression and activity can be the main
mechanism for TFT resistance, as shown for the H630-4TFT cell line, and that TFT
can be active against tumor cells with high TS, which are less sensitive to other TS
inhibitors. Furthermore, the manner of induction of TFT resistance may lead to
different mechanisms of resistance and enzymes involved in TFT metabolism do not
necessarily have to be related to induction of TFT resistance.
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Summarizing discussion & concluding remarks
In this thesis we aimed to investigate the mechanisms of action of the novel
oral anti-cancer drug formulation TAS-102, which consists of TFT and the potent
specific inhibitor of thymidine phosphorylase TPI. Initial clinical studies in the 1970's
with TFT as a single antitumor agent were discontinued due to the rapid degradation
of TFT by TP in vivo. In addition, TP is often overexpressed in colorectal tumors, and
numerous studies (mostly using immunohistochemical stainings) showed that high TP
is an independent prognostic factor for poor clinical outcome of malignant diseases.
TP is associated with angiogenesis (e.g. increased microvessel density) and
subsequently might stimulate the development of metastases. TAS-102 was
specifically developed to increase the antitumor activity of TFT, in which TPI serves
an important dual role: it enhances the bioavailability of TFT in vivo and has antiangiogenic properties. For that purpose the role of both TFT and TPI in the antitumor
activity of TAS-102 was investigated, thereby focusing on the various enzymes
involved in TFT metabolism. TAS-102 is currently tested in the clinic against several
gastrointestinal malignancies (summarized in Chapter 2), and therefore colorectal
cancer cell lines were mostly used in the studies described in this thesis.

TFT metabolism
The role of the enzymes directly involved in TFT metabolism and the effect of
TFT on its various targets are mainly discussed in Chapters 3, 4 and 11. To
determine the possible limiting factor(s) in the cytotoxicity of TFT cancer cell lines
with different cellular characteristics were used. Cell lines with either an
overexpression or deficiency of one of the enzymes involved in TFT metabolism were
included. Cells were exposed in different treatment schedules in vitro to TFT and
5FU, which in contrast to TFT can be activated by TP, and sensitivity was assessed in
the presence and absence of TPI. We surprisingly found that despite the high rate of
TFT degradation, Colo320TP1 cells with high TP expression are not more resistant to
TFT, while TPI did not increase TFT sensitivity at long-term exposure (see also
results De Bruin et al. [1]). It was expected that addition of TPI would result in
decreased IC50 values, because it was previously shown that TFT is an excellent
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substrate for TP. To explain this we aimed to prevent activation of TFT to a
maximum extent and shortened the exposure time to 4 hr followed by drug free
culturing of the cells. In this situation TFT sensitivity still remained unaffected for TP
overexpressing cells or when TPI was added to the medium. This was also an
unexpected finding compared to in vivo experiments using different animal xenograft
models [2],[3]. It was demonstrated previously that TPI enhanced the bioavailability
of TFT due to prevention of degradation by e.g. high TP expressing liver cells,
subsequentially leading to increased antitumor activity of TFT. In conclusion, in vivo
TPI is required for TFT to exert any significant antitumor activity, whereas in vitro
addition of TPI is not necessary to increase TFT cytotoxicity (Chapter 2).
Rapid uptake and subsequent phosphorylation of TFT were observed, but
despite a high rate of degradation, TFT activation is sufficient to inhibit TS and to
enable incorporation into DNA, although the contribution of each effect is exposure
time dependent. TPI was only able to affect TFT cytotoxicity in cells with high TP
expression at very short exposure (<4 hrs). Furthermore, inhibition of TP by TPI
increased formation of active TFT metabolites (almost 2-fold) in high TP expressing
Colo320TP1 cells, but this was not directly related to an increase in TFT incorporation
into DNA. Emura et al. [4] previously determined that more TFT is incorporated into
DNA of tumor cells after repeated short-term administration of TFT, which is
enhanced in the presence of TPI. TFT has high affinity for TK like most TdR analogs,
and possibly even more compared to TP resulting in rapid conversion rates of TFT
into its active metabolites, which in turn might diminish TFT degradation by TP and
therefore explaining the minor effect of TPI in vitro. Emura et al. [5] previously found
that in vivo the tumor response to TAS-102 is independent of TP expression itself,
while the ratio TK/TP did correlate with tumor growth inhibition, suggesting that next
to the presence of systemic TPI, both activation and degradation of TFT in tumor
cells play a significant role in TFT-induced antitumor activity.
Although incorporation of TFT into DNA is a main determinant in the in vitro
cytotoxicity of TFT to colon cancer cells, TFT is able to inhibit TS activity in high TS
expressing cancer cells. These cells were more sensitive to TFT than 5FU (upto 4fold) and were shown to be cross-resistant to TFT compared to 5FU, which was more
pronounced at short-term exposure (>3-fold or more at 4 hr exposure). The
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conversion of TFT to its active form by TK is essential, and because it only involves
one activation step TFT exerts cytotoxicity within a few hours, in contrast to 5FU,
which requires more conversion steps (Chapter 4). TS in situ activity recovers
quickly after removal of the TFT influx, indicating that continuous exposure is
necessary to inhibit TS. Therefore longer repeated exposure to TFT might bypass
resistance due to increased TS expression, which together with increased
incorporation of TFT into DNA results in the highest antitumor effects.

Resistance to TFT
Besides the role of TS as a proliferation factor in tumorigenesis [6],[7], TS
expression is considered to be an important prognostic factor in 5FU-based
chemotherapy for colorectal cancer patients, although its relation with other
prognostic factors (e.g. p53, Rb, Bcl-2; [8]) is not well-known. It was determined
earlier that patients with tumor cells with low TS levels (either in mRNA expression,
protein levels or catalytic activity), respond better to TS inhibition-based
chemotherapy [9],[10],[11],[12]. Our results (Chapter 3) showed that 5FU-resistant
H630R10 colon cancer cells expressing high TS [13] [14] exhibited an 30 to 40-fold
increase in IC50s for both 5FU and TFT compared to the parental cell line, indicating
the important role of TS levels in the efficacy of these TS inhibitors, while they may
convey cross-resistance to other TS-inhibiting agents, such as the antifolate
pemetrexed (ALIMTA) [15]. Besides increased TS levels, other factors might play a
role as well in the resistance to TFT. For that reason we made H630 human colon
cancer cells resistant to TFT in vitro by increasing the TFT concentration stepwisely.
The results of this study are discussed in Chapter 11. H630 cells were made
resistant using two exposure schedules, either by continuous exposure (final 20 µM
TFT) or short-term repetitive exposure (final 4 hr 250 µM TFT/week) to TFT,
resulting in the H630 variants H630-cTFT and H630-4TFT, respectively, which are
>200-fold resistant compared to H630. Both cell lines were cross-resistant to FdUrd,
a metabolite in 5FU metabolism which is activated by TK, but not to 5FU or 5'DFUR,
which are activated by TP. Further analysis revealed that TP activity remained
unchanged in these cells (as expected), while no increase in TS levels (protein,
mRNA, enzyme activity) was observed as well. Total TK activity was significantly
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lower in H630-4TFT (>90%) due to both decreased TK mRNA and protein
expression. Murakami et al. [16] showed that 5FU acquired-resistant DLD-1
colorectal cancer cells were not cross-resistant to TFT, but had decreased activity of
the important 5FU-activating enzyme orotate phosphoribosyltransferase (OPRT),
indicating that 5FU-resistant colon cancer cells are not necessarily cross-resistant to
TFT. These data therefore explain that TFT can exert antitumor activity against 5FUresistant cancer cells (see also [17]). Overall it can be concluded that, next to
increased TS levels, decreased activation of TFT by TK is likely to be another
important mechanism for resistance to TFT.
Surprisingly, no decreased TK activity was seen in H630-cTFT, meaning that
the expression or activity of enzymes directly involved in TFT metabolism do not
necessarily have to be associated with TFT resistance, and therefore may be
dependent on that the manner of resistance induction that was used. Using whole
human genome microarray analysis we observed a strong increase in secretory
phospholipase A2 (sPLA2) mRNA levels (> 40-fold) in H630-cTFT, which was an
unexpected finding. sPLA2 plays a role in phospholipid metabolism and prostaglandin
synthesis, but also FAS-mediated apoptosis, which indicates a strong disturbance in
signal transduction in these cells. This was confirmed by the increased production of
arachidonic acid in H630-cTFT cells, which are preferentially released from
phospholipids by PLA2 enzymes. Other groups previously determined that elevation
of sPLA2-IIa expression might be related to the development or progression of
prostatic

adenocarcinoma

[18],[19],

which

supports

the

hypothesis

that

dysregulation of sPLA2 expression may play a role in colorectal carcinogenesis as
well. Although our data suggest a relationship between changed phospholipid
metabolism and flouropyrimidine resistance, the exact mechanism of resistance to
TFT (and FdUrd) in these H630-cTFT cells with respect to downstream events after
arachidonic acid production (e.g. prostaglandin synthesis by cyclooxygenases) needs
further investigation.

Role of TP expression in fluoropyrimidine sensitivity
TP is able to cleave several fluoropyrimidines, while it has a broad substrate
specificity and is able to phosphorolyze a wide variety of pyrimidine nucleosides [20].
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Therefore it can (in)activate several different anti-cancer drugs that are currently used
in the clinic (e.g. 5'DFUR) or are still under investigation, such as TFT. TP can be
upregulated by several cytokines (e.g. TNF-α, IFN-α [21],[22]), but chemotherapeutic
drugs also often upregulate TP expression [23],[24],[25]. However, others describe
that upregulation of TP is dependent on its intrinsic expression of cells [23], which can
be influenced by the presence of chemotherapeutic compounds. This is less relevant for
TAS-102, because the enzyme is directly inactivated by TPI, but for other
fluoropyrimidines this could be of influence on the treatment of tumors with these
drugs. Our group previously investigated whether exposure of colon cancer cells to TFT
or 5'DFUR would influence TP expression [26], and results showed that different effects
on TP mRNA and protein expression can be induced by these drugs, which were not
uniform for the panel of cell lines used, but TP activity remained unchanged in these
cell lines. The presence of TPI inhibited TP activity in all cell lines, while after cleaning
up samples from potential residual TPI no recovery of TP activity was found, leading to
the conclusion that TPI is bound to the enzyme and therefore being effective in
prolonging inhibition of TP activity, which is potentially an additional beneficial effect of
TPI in the TAS-102 formulation.
These results demonstrate that regulation of TP is drug and cell line dependent,
and is (in part) indeed related to the intrinsic metabolic properties of cells, which might
be affected in tumor cells. In addition, low TP expression might confer resistance to
several fluoropyrimidine anti-cancer agents [20], such as the oral 5FU prodrug
capecitabine, which is activated by TP and therefore dependent on sufficient TP levels
at the tumor site. This does not count for TAS-102, since we determined using the
Hollow Fiber Assay (HFA) [27] that it is effective against both tumors with either low or
high TP levels, which is discussed in Chapter 5. We demonstrated that, next to being a
cost-effective drug screening method, this assay is also an excellent way to study
several short-term pharmacodynamic end points in vivo after fluoropyrimidine
treatment. We demonstrated the importance of TP in the activity or resistance to
various oral fluoropyrimidine formulations, by using hollow fibers filled with human TPdeficient Colo320 or high TP expressing Colo320TP1 colorectal cancer cells, which were
implanted subcutaneously in BALB/c mice. These mice were treated orally with TAS102, TFT alone, 5'DFUR +/- TPI or capecitabine at their maximum tolerated dose
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(MTD). Analysis revealed that TAS-102 induced considerable growth inhibition against
both Colo320 cells, and omission of TPI from the formulation neutralized these effects.
This result was reflected in the pharmacodynamic evaluations where TAS-102 induced
clear a cell cycle arrest and significant apoptosis (>8-fold) as a result of DNA damage,
which were more pronounced in Colo320 than in Colo320TP1 cells. However, addition
of TPI reduced the effects of 5'DFUR-induced cytotoxicity and apoptosis of Colo320TP1
cells, although not completely. In conclusion, for the 5FU prodrug 5'DFUR (and
capecitabine) sufficient TP levels are necessary to induce significant antitumor effects,
while the mechanisms of action of TAS-102 are not directly related to TP levels at the
tumor site, but only exerts cytotoxicity when systemic TPI is present. Thus, in the TAS102 formulation the main action of TPI seems to consist of the increase in the
bioavailability of TFT enabling to enhance TFT activation in tumor cells. In addition, TPI
can also increase TdR concentrations in plasma [5], which prevents breakdown of TFT,
because TdR can compete with TFT in TP-mediated phosphorolysis. There was no
evidence that TdR accumulation would negatively affect TFT-induced cytotoxicity in

vitro, while lowered TdR pools can prevent rescue of thymine-less induced cell death.
TP vs UP in fluoropyrimidine sensitivity and angiogenesis
Although high tumoral TP expression might theoretically inactivate TFT (+/TPI), our data showed that this was not the case. This means that for in vivo and
clinical application high TP levels in the tumor are not necessarily a negative
parameter, while TAS-102 is also active against low TP expressing cells. On the other
hand, 5'DFUR needs high TP for selectivity, and because TP is involved in the
activation of 5'DFUR and other pyrimidine nucleoside analogs the regulatory
mechanisms of this enzyme are still of interest. TPI protected the (tumor) cells from
5'DFUR, but this was only partial as can clearly be seen from the apoptotic effect.
This indicated that 5'DFUR activation is not only dependent on TP, as previously
anticipated [28], but that another phosphorylase, presumably uridine phosphorylase
(UP), also plays a role. An interesting observation by De Bruin et al. was that in
SW1398 and SW948 colon cancer cells TdR phosphorolysis could not be completely
inhibited or was partially inhibited bij TPI (40%), despite the fact that these cells had
comparable IC50-values and phosphorolytic activity compared to other cells where
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TPI could inhibit TP activity by 100%, thereby blocking TdR phosphorolysis
completely. We therefore suggested UP might be responsible for the remaining
activity.
It is general knowledge that TP and UP have a broad and overlapping
substrate specificity [29],[30], but in many studies the role of UP in fluoropyrimidine
sensitivity is generally underestimated. In order to elucidate this controversy, the
relative contribution of both phosphorylases in the sensititvity to 5FU and 5'DFUR is
discussed in Chapters 6 and 7. To modulate the enzyme activities TPI and the
specific potent inhibitor of UP 5-benzylacyclouridine (BAU) [31] were used. Results
showed that in normal HaCaT keratinocytes and peripheral blood mononuclear cells
TPI and BAU inhibited most TdR and Urd phosphorolysis (>80%), respectively, while
both TP and UP contributed to the phosphorolysis of 5'DFUR. In the colon cancer cell
lines overlapping substrate specificity was found for TP and UP, while both enzymes
were responsible for converting the natural substrates TdR and Urd and the
fluoropyrimidines 5'DFUR and 5FU, although cell line dependent. E.g. it was
remarkable that in SW1398 UP is almost completely responsible for phosphorolysis of
TdR (in contrast to SW948) and 5'DFUR, indicating that UP might have a more
significant role in the activation of 5'FUR in some gastrointestinal tumors. A second
observation was that after inhibiting both phosphorylases still conversion of 5FU
(>40%) was detected in the tumor and normal cell lines, suggesting the relative
minor role of TP in 5FU sensitivity. This can be explained by the fact that 5FU can
also be activated to FUMP by OPRT [32],[33]. A more interesting observation was
that in SW1398 still phosphorolysis of TdR, Urd and 5'DFUR (up to 20%) was
detected after inhibition of both phosphorylases, and in addition, UP was not
completely responsible for Urd conversion in the low UP expressing SW948 cells. For
these substrates probably other pyrimidine phosphorylases are responsible for their
phosphorolysis, which was previously postulated [34],[32]. However, significant
5'DFUR resistance in SW1398 cells may be observed when all pyrimidine
phosphorylase activity is inhibited. Furthermore, the growth inhibition experiments
showed that Colo320 is relatively sensitive to 5'DFUR compared to e.g. SW948 and
SW1398, which was a surprising result, while no TP activity by TdR cleavage was
detected in this cell line. For its high TP expressing variant Colo320TP1 we observed
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that inhibition of TP by TPI can increase sensitivity (IC50) to 5FU and 5'DFUR 11-fold
and 50-fold, respectively, indicating the relative minor role of TP in 5FU activation,
which is partly due to the low availability of the co-substrate d-R-1-P [35]. Although
it is common knowledge that TP and UP expression varies between different organs
and animals [36],[20],[30],[37], these results clearly indicate the possible variations
in substrate specificity. Overall it can be concluded that in addition to TP, UP plays a
significant role in the activation of fluoropyrimidines (e.g. 5FU prodrugs) at the tumor
site, which will be enhanced because TP and UP levels are often elevated and should
therefore receive more attention. Future studies should include the contribution of UP
in studying intracellular metabolism of 5'DFUR.
Next to TP and UP being important enzyme intermediates in (fluoro)pyrimidine
metabolism, TP has also been shown to be involved in angiogenesis, while it is
identical to the pro-angiogenic platelet-derived endothelial cell growth factor (PDECGF) [38],[39]. Numerous (immunohistochemical) studies (summarized in [28])
showed that TP (and UP) are often upregulated in tumor cells and increased TP
levels in tumor stroma, resulting in increased microvessel density (MVD), which in
turn is associated with poor outcome of diseases [40],[41]. Takahashi et al. [42]
previously reported that high MVD is well correlated with increased TP expression
and is associated with metastasis formation in human colorectal cancer [43],[44] and
gastric cancer [45]. Inhibition of TP might therefore improve prognosis for some
colorectal cancer patients [46]. The exact mechanisms behind the pro-angiogenic
activity of TP are unknown, but most research is focused on the metabolites involved
in the enzymatic reaction TdR > thymine + dR-1-P. Several studies focused
specifically on dR, which is a secondary product in the reaction by dephosphorylation
of dR-1-P (see also [47],[48]). Since it was previously shown to have angiogenic
[41] and anti-apoptotic [49] properties, research shifted to this molecule in how it
might induce neo-vascularisation as a chemotactic compound, while it is also
supposed to form concentration gradients, which stimulates the migration of
endothelial cells towards tumors. However, controlling the balance of angiogenesis
(in tumors) is likely to be controlled by the presence or absence of a variety of proand anti-angiogenic factors, which might indicate that TP has a non-dominant role in
this balance. In addition, no uniform consistency exists between studies that
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investigated the association TP with angiogenesis in xenografting experiments, while
high TP expressing tumors did not always result in increased neo-vascularisation or
overall tumor growth [47].
TP levels are high in several human tissues (e.g. colon, bladder, liver), but TP
is predominantly expressed by macrophages, platelets and endothelial cells. Our
results showed that peripheral mononuclear cells were able to convert significant
amounts of TdR by TP within a few hours, and TP and UP preferentially converted
TdR and Urd, respectively, while both enzymes were responsible for converting
5'DFUR into 5FU (Chapter 7). For the first time it was demonstrated that a much
higher basal TP activity (>4-fold) was seen for macrophages (and dendritic cells)
compared to undifferentiated monocytes. In addition, several studies determined that
tumor infiltrating macrophages frequently show overexpression of TP, which, next to
tumor cells themselves, may contribute to the high TP levels in colorectal tumor
stroma [50],[44]. This contribution might directly be related to increased
angiogenesis in these tumors, thereby possibly influencing fluoropyrimidine sensitivity
and/or beneficial tumor survival effects around necrotic areas. Therefore, more
attention should be given with respect to the potential tumor promoting effect of
macrophages. To provide more insight in the efficacy of TFT (or even capecitabine),
it might therefore be important to monitor TP levels in circulating monocytes and/or
platelets before and during treatment of cancer patients with TAS-102, e.g. to
generate information on the duration of TP inhibition by TPI.
Targeting angiogenesis in addition to current chemotherapy is an important
new development [51],[52]. We observed after 10-days treatment of mice with TAS102, TPI is already able to reduce blood vessel formation, which is likely to be related
to the suppression of the invasive capacity and metastasis. The potential of TPI to
block

these

processes

in

vivo

was

also

investigated

by

other

groups

[53],[54],[55],[3],[56]. TPI significantly inhibited TP-induced neovascularization in a
dose-dependent manner in different mice models. Matsushita et al. [56] determined,
using the mouse dorsal air sac assay, that blood vessel formation (partly) induced by
high TP expressing epidermoid carcinoma KB/TP cells could be suppressed by TPI,
and that TPI alone is able to decrease the growth rates of these cells and to increase
the apoptotic index significantly. Furthermore, Takao et al. [3] showed that
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chemotactic motility and basement membrane invasion of KB/TP cells, and the
number of macroscopically observed liver metastases can also be decreased by TPI
alone. Comparable anti-invasive and anti-metastatic activities by TPI alone were also
observed against human lung adenocarcinoma cells [55]. The antitumor activity of
TPI as a single agent and its important role in tumor growth clearly indicate that TP
is an important determinant in the invasiveness and induction of metastasis of high
TP expressing solid tumors [57]. Because of these properties of TPI, TAS-102 is a
promising candidate for clinical use. With respect to these findings it might be
interesting to combine TAS-102 with other (novel) agents counteracting blood vessel
formation in the future.

Drug combinations
Several (pre)clinical studies have already shown enhanced tumor regression
by combining an anti-angiogenic agent with a cytotoxic agent [58],[59], which makes
TAS-102 potentially an excellent candidate to be combined with other cytotoxic
agents. In this thesis we described the combination of TAS-102 (as TFT) with other
anticancer agents. TFT was combined in vitro with other TS inhibitors (Chapter 8),
oxaliplatin (OHP; Chapter 9) or irinotecan (CPT-11; Chapter 10) in different
schedules in order to determine their interactions. Combining TFT with FdUrd is no
option, since the effects were purely additive, probably due to overlapping
mechanisms of action [60]. At low folate conditions TFT and folate-based TS
inhibitors (AG337, ZD1694, GW1843) showed moderate synergism in growth
inhibition to colon cancer cells, as a result of two-sided TS inhibition leading to
enhanced DNA damage induction. At high folate conditions only additive effects were
seen. The low-folate status probably increases the binding of antifolates to the TS
co-factor binding site, while folate levels in medium and cells is an important
determinant in the efficacy of antifolates [61]. More pronounced synergism in colon
cancer cells was observed when TFT was combined with the DNA synthesis inhibitors
OHP and SN38, the active metabolite of CPT-11, which resulted in increased DNA
strand break formation and cell death. These drug combinations were dose- and
schedule-dependent,

since

TFT

pre-incubation

can

decrease

OHP-induced

cytotoxicity, and for the TFT-SN38 combinations most pronounced synergistic
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interactions were found when cells were pre-incubated with TFT, in contrast to 5FU,
where the most cytotoxic schedule was SN38 followed by 5FU exposure, both in vitro
[62],[63] and in vivo [64], [65]. This was an unexpected result, since TFT and 5FU
are fluoroprymidines with overlapping mechanisms of action, and both increase
synergism using sequential dose-schedules compared to simultaneous drug exposure
of TFT and SN38. This difference is possibly at the level of inducing DNA alterations
with respect to trapping topo-I cleavable complexes, which

can be induced by

certain nucleoside analogs, including 5FU [66],[67],[68], but it is unknown whether
TFT is also able to form cleavable complexes or enhances the formation of CPT-11induced cleavable complexes. Our data clearly indicate that TFT acts different
compared to combinations of 5FU with SN38 or OHP, illustrating the importance of
dose-scheduling and integration of the pharmacokinetic drug profiles. These
combinations have potential for further investigation in vivo, because synergism was
observed in the whole panel of cell lines used for these studies, although the
metabolic and biological interactions of the drugs must be positively assessed prior
obtaining potential clinical efficacy.

Conclusions
In conclusion, TP plays an important role in various areas and on different
levels in (colorectal) cancer, and therefore will remain an interesting target with
respect to its consideration into future clinical oncological trials including TAS-102,
fluoropyrimidines, or even folate-based TS inhibitors. Although further studies are
warranted in order to elucidate the role of TP in oral fluoropyrimidine sensitivity and
angiogenesis, thereby including the role of UP in fluoropyrimidine activation or
degradation, and the mechanism of the angiogenic effect mediated by downstream
effector molecules after phosphorolysis by TP. These aspects of TP should be further
characterized in order to help designing therapies (TAS-102) or modifying current
therapies (capecitabine) in which TP is involved. In addition, the dual-targeted
properties of the TAS-102 formulation is a promising candidate in the treatment of
solid tumors, while current strategies favor attacking multiple targets. For this reason
the potential anti-angiogenic effect of TPI in vivo should be given more attention,
preferably in the current phase I/II trials. To improve the treatment of

230

Summarizing discussion & concluding remarks

gastrointestinal malignancies, it might be interesting to combine TAS-102 with other
angiostatic or cytotoxic agents in future clinical drug combination studies, such as
with the VEGF inhibitor bevacizumab, the DNA synthesis inhibitors OHP or CPT-11, or
even with EGFR inhibitors.
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Kanker
Kanker is een genetische aandoening waarbij beschadigingen in het DNA, ook
wel mutaties genoemd, centraal staan. Deze kunnen zowel erfelijke mutaties alswel
verworven mutaties (geïnduceerd door infecties, fysische factoren en/of chemische
stoffen) zijn. Deze mutaties kunnen over een langere periode accumuleren in het
DNA totdat er een som van beschadigingen is ontstaan die kan leiden tot kanker. Om
daadwerkelijk kanker te krijgen moeten de mutaties optreden in genen die betrokken
zijn het bij het reguleren en controleren van de celdeling. Verschillende genen spelen
daarbij een rol, zoals tumoronderdrukkende genen (tegengaan van ongeremde
celdelingen), tumorbevorderende genen (stimuleren van normale celdelingen) en
DNA-reparatiegenen (herstellen mutaties).
Cellen in het menselijk lichaam groeien normaalgesproken gecontroleerd.
Zowel celdeling en celdood zijn processen die nodig zijn voor het normaal
functioneren van weefsels. Een verstoring van de balans van deze twee processen,
ongecontroleerde celdeling en/of het niet langer doodgaan van cellen, kan leiden tot
een tumor, waarbij cellen zich persistent ongecontroleerd vermenigvuldigen.
Tumoren worden gekenmerkt door een aantal karakteristieke eigenschappen waarin
ze zich onderscheiden van normale cellen: ze zorgen zelf voor groeisignalen of zijn
hiervan onafhankelijk, ze zijn minder gevoelig voor groeiremmende signalen, ze
omzeilen geprogrammeerde celdood, ze vertonen ongelimiteerde celdeling, ze
induceren nieuwe bloedvaten (angiogenese), ze kunnen zich uitbreiden naar
omliggende weefsels (invasie) en ze kunnen zich verspreiden naar andere plaatsen in
het lichaam (metastasering ofwel uitzaaiing).
Bij kanker (en sommige andere ziektes) speelt angiogenese een belangrijke
rol. Angiogenese is het ontstaan van nieuwe bloedvaten uit het bestaande vaatbed.
Een tumor kan op een gegeven moment maar beperkt groeien, omdat bestaande
vaten maar een beperkte hoeveelheid voedingsstoffen en zuurstof kunnen aanvoeren
(en afval afvoeren). Om een gebrek aan deze stoffen te voorkomen zorgt de tumor
voor (verhoog)de productie van pro-angiogene factoren, die het aanmaken van
nieuwe bloedvaten uit de bestaande bloedvaten bevorderen, opdat de tumor
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verzekerd is van voldoende aanvoer van voedingstoffen en zuurstof voor verdere
groei.
Behandeling van dikke darmkanker (chemotherapie)
In Nederland worden jaarlijks bijna 10.000 mensen met de diagnose dikke
darmkanker geconfronteerd, en elk jaar sterven zo’n 4.500 mensen aan deze ziekte.
Men schat dat wereldwijd ongeveer 400.000 mensen sterven aan de gevolgen van
dikke darmkanker. In veruit de meeste gevallen (~75%) ligt een niet-erfelijke
(leefomgevingsfactoren) oorzaak er aan ten grondslag. De prognose is gerelateerd
aan drie karakteristieken: mate van penetratie van de tumor in de darmwand,
aangetaste lymfeklieren en de aanwezigheid van metastasen. De meest toegepaste
en efficiënte behandelingsmethode voor dikke darmkanker is chirurgie, het
wegsnijden van de tumor. Twee andere methoden zijn het bestralen van de tumor
(radiotherapie) of het geven van anti-kanker middelen (chemotherapeutica).
Tegenwoordig wordt ook vaak een combinatie van twee van de drie of alle drie
toegepast.
Op drie verschillende experimentele niveaus kan de werking en activiteit van
anti-kankermiddelen onderzocht worden. Ten eerste het ’in vitro’ onderzoeksniveau,
waarbij experimenten gedaan worden met behulp van biologische technieken die
buiten het lichaam van het organisme worden toegepast. Hierbij wordt gebruik
gemaakt van een deel van het organisme (bv. weefsels), afzonderlijke cellen of
organische stoffen die in oplossing gebracht zijn. In dit proefschrift zijn de meeste
beschreven experimenten ’in vitro’ uitgevoerd. Middelen die ’in vitro’ goed blijken te
werken worden daarna meestal op proefdieren getest. Proefdieronderzoek ligt op het
’in vivo’ onderzoeksniveau. ’In vivo’ experimenten worden gedaan met behulp van
biologische technieken die in het complete levende lichaam van een organisme
worden toegepast. Een goed voorbeeld hiervan is het implanteren van tumorstukjes
in muizen, die vervolgens behandeld worden met (een) anti-kankermiddel(en),
waarna men kan kijken wat de beste toedieningsmethode is en/of het actieve middel
de tumor bereikt en de tumorgroei goed geremd is. Middelen die ’in vivo’ ook goed
blijken te werken worden daarna op patiënten (en gezonde mensen) getest middels
klinische studies, oftewel het derde onderzoeksniveau. Hierbij wordt bekeken hoeveel
van een middel aan de patiënt gegeven kan worden (bijwerkingen/toxiciteit), hoe
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actief het middel tegen verschillende tumortypes is en om te kijken of het nieuwe
middel beter werkt dan het standaard gebruikte middel. Dit gehele proces van
ontwikkeling van een anti-kankermiddel tot aan het goedgekeurde standaard gebruik
voor behandeling van kankerpatiënten is erg kostbaar en kan soms wel langer dan
10 jaar duren.
Een selecte groep anti-kankermiddelen, die onder andere veel gebruikt
worden in de behandeling van dikke darmkanker, zijn de fluoropyrimidines. Deze
fluoropyrimidines, zoals 5-fluorouracil (5FU), 5’-deoxyfluorouridine (5’DFUR) en
trifluorothymidine (TFT), hebben een structuur die lijkt op de normale bouwstenen
van het DNA, maar hebben echter een kleine modificatie ondergaan door toevoeging
van één of enkele fluorgroepen. Fluoropyrimidines volgen de normale metabole
(stofwisselings) routes die de natuurlijke bouwstenen van het DNA (en diens
verwante RNA) ook zouden volgen, maar door de fluorgroep kunnen ze deze routes
verstoren en/of worden uiteindelijk ingebouwd in het DNA of RNA. De verstoring van
de metabole routes voor de bouwstenen van het DNA en het inbouwen in DNA of
RNA heeft tot gevolg dat in de cel op vele niveaus schade, waaronder DNA breuken
en andere mutaties, ontstaat, met het gevolg dat de cel uiteindelijk doodgaat.
Inhoud van dit proefschrift
In dit proefschrift is gekeken naar de werkingsmechanismen van de nieuwe
orale anti-kankerformulering TAS-102 (ontwikkelt door Taiho Pharmaceuticals,
Japan), dat bestaat uit de fluoropyrimidine TFT en de potente specifieke remmer van
het eiwit “thymidine phosphorylase/platelet-derived endothelial cell growth factor”
(hierna “TP” genoemd) TPI (thymidine phosphorylase inhibitor). Naast TFT is ook de
rol van TP-remming in de cytotoxiciteit van andere fluoropyrimidines onderzocht. TP
is een enzym (katalysator van metabole reacties) dat werkzaam is in het
pyrimidinemetabolisme. Pyrimidines, waarvan de nucleoside thymidine (TdR) er één
is, worden geïncorporeert in het DNA. TFT is TdR, maar dan met een fluorgroep er
aan toegevoegd. TP kan TdR afbreken in twee stukken (fosforolyseren), de base
thymine en de suikergroep deoxyribose-1-fosfaat (dR-1-P).
Veel studies hebben aangetoond dat TP verhoogd tot expressie kan komen in
veel verschillende tumoren, waaronder dikke darmkankertumoren. Aanvullend speelt
het enzym een rol bij de angiogenese, en is zodoende te associëren met
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vaatdichtheid. Dit kan het vormen van metastasen bevorderen. Kortgezegd, veel TP
in de tumor zorgt voor een slechtere afloop voor de patiënt. Het mechanisme achter
dit pro-angiogene effect is echter niet geheel duidelijk.
Naast de pro-angiogene rol is er belangstelling voor TP, omdat het naast het
natuurlijke substraat TdR ook andere stoffen met een vergelijkbare chemische
structuur kan omzetten. TP is daardoor in staat om sommige van de reeds
beschreven fluoropyrimidines te activeren of te inactiveren, waaronder de TdRanaloga TFT en 5’DFUR. TP kan binnen de anti-kankertherapie op meerdere
manieren gebruikt worden: TP-remming om het angiogene effect tegen te gaan, TPremming om de inactivatie van anti-kankermiddelen te voorkomen, gebruik maken
van de hoge TP-activiteit in de tumor om daar selectief anti-kankermiddelen mee te
activeren. De TAS-102 formulering maakt in principe gebruik van de eerste 2
manieren. De eerste klinische studies waarbij TFT als enkel chemotherapeuticum
werd getest werden al snel gediscontinueerd, omdat TFT in vivo te snel wordt
afgebroken. TAS-102 is dan ook speciaal ontwikkeld om de anti-tumoractiviteit van
TFT te verhogen, waarbij TPI deze duale rol vervult door middel van diens antiangiogene effecten en door de beschikbaarheid van TFT in het lichaam
(bloedplasma) te verhogen door de afbraak van TFT te remmen. TAS-102 wordt op
dit moment getest in de kliniek tegen verscheidene gastrointestinale maligniteiten
(samengevat in Hoofdstuk 2), en om die reden zijn darmkankercellijnen het meeste
gebruikt in de studies beschreven in dit proefschrift.

TFT metabolisme
Om de anti-tumoractiviteit van TAS-102 in vitro te onderzoeken is gekeken
naar de rol van TFT en/of TPI hierin, daarbij kijkend naar het effect van/op de
enzymen die direkt een rol spelen in het TdR/TFT metabolisme (zie Figuur 1). In
Hoofdstukken 3, 4 en 11 wordt de rol van (de mate van expressie van) deze
enzymen op de cytotoxiciteit van TFT en de aangrijpingspunten (targets) van TFT
besproken. Om de limiterende factoren in TFT cytotoxiciteit te kunnen bepalen zijn
kankercellijnen met verschillende cellulaire eigenschappen gebruikt. (Kanker)cellen
met ofwel een verhoogde of verlaagde (of afwezige) expressie/activiteit van de
betrokken enzymen zijn gebruikt. Deze cellen werden in vitro aan TFT en 5FU, dat in
tegenstelling tot TFT door TP wordt geactiveerd, in verschillende concentraties en
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tijden blootgesteld om vervolgens de gevoeligheid te meten in de aan- en
afwezigheid van TPI. Onverwacht werd geconstateerd dat ondanks de hoge afbraak
van TFT, Colo320TP1 cellen met zeer hoge TP activiteit niet minder gevoelig
(resistent) zijn tegen TFT, terwijl TPI de TFT gevoeligheid bij langdurige blootstelling
niet verhoogde. In eerste instantie verwachtten we verlaagde IC50 waarden
TF-Thy
TP

TPI

TFT

TF-TMP

TF-TDP

TF-TTP

TK
DNA

dUMP

dTMP

dTDP

dTTP

TS
Figuur 1. Werkingsmechanisme van TFT. TP = thymidine phosphorylase (breekt TFT af), TK =
thymidine kinase (zet TFT om in zijn actieve vorm), TS = thymidylate synthase (wordt geremd door
de actieve vorm van TFT). TFT vormt tezamen met TPI de formulering TAS-102.

(concentraties die 50% groeiremming veroorzaken) te zien, aangezien eerder is
bewezen dat TFT een uitstekend substraat is voor TP. Om dit te verklaren werd
getracht de maximale activatie van TFT te voorkomen door de blootstellingstijd te
verkorten tot 4 uur gevolgd door het kweken van de cellen in TFT-vrij medium. In
deze situatie bleef de TFT gevoeligheid onveranderd bij cellen met verhoogd TP of
wanneer TPI aan het medium werd toegevoegd. Dit was ook een onverwachte
waarneming vergeleken met in vivo experimenten waarbij gebruik werd gemaakt van
tumorimplantaten in dieren (m.n. muizen). Het is al aangetoond dat in vivo TPI de
TFT-activiteit kan verhogen door te voorkomen dat TFT grootschalig wordt
afgebroken door bv. levercellen, die een hoge TP expressie hebben, hetgeen een
verhoogde TFT anti-tumoractiviteit bewerkstelligt. Oftewel, in vitro hoeft TPI niet per
sé toegevoegd te worden om verhoogde TFT-cytotoxiciteit te verkrijgen.
Een snelle opname and activatie van TFT hebben we in menig experiment
waargenomen, maar ondanks een hoge mate van afbraak van TFT, is de activatie
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van TFT voldoende om het targetenzym thymidylate synthase (TS) te remmen en om
te worden geïncorporeerd in het DNA, alhoewel de bijdrage van elk effect afhankelijk
is van de blootstellingstijd. Hierbij stimuleert TS-remming de TFT-incorporatie, omdat
minder van de natuurlijke TdR-bouwstenen in het DNA geïncorporeerd worden. TPI
was echter alleen in staat de TFT-cytotoxiciteit te beïnvloeden in cellen met zeer
hoge TP na korte blootstelling. Aanvullend leidde TP-remming door TPI tot
verhoogde aanmaak van actieve TFT-metabolieten (x2) in de Colo320TP1 cellen,
maar dit was niet direkt gerelateerd aan verhoogde TFT incorporatie in het DNA.
Andere onderzoekers hebben al eerder aangetoond dat meer TFT in het DNA van
tumorcellen wordt geïncorporeerd na herhaaldelijke kortstondige blootstelling aan
TFT, hetgeen nog kan worden bevorderd met TPI. TFT heeft net als veel TdR
analoga een hoge affiniteit voor thymidine kinase (TK), dat TFT omzet in zijn actieve
vorm, en wellicht wel meer dan voor TP, resulterend in een zeer snelle omzetting van
TFT in zijn actieve metabolieten om zodoende de TFT-degradatie door TP teniet te
doen. Dit verklaart tevens het verminderde effect van TPI in vitro. Bovendien is de
tumorrespons op TAS-102 onafhankelijk van de expressie van TP zelve, terwijl de
TK/TP ratio wel gecorreleerd is aan de remming van de tumorgroei. Dit suggereert
dat naast de systemische aanwezigheid van TPI zowel de balans van activatie en
degradatie van TFT in tumorcellen een significante rol speelt in de TFT-geïnduceerde
anti-tumoractiviteit.
Al is incorporatie in het DNA een belangrijke factor in de in vitro cytotoxiciteit
van TFT in darmkankercellen, TFT is ook in staat om TS te remmen in cellen met
verhoogde TS-expressie. Deze cellen zijn gevoeliger voor TFT dan 5FU (~4x) en zijn
kruisresistent tegen TFT in vergelijking met 5FU. Dit

verschil is sterker bij korte

blootstellingen aan de drugs (>3x bij een 4-uurs blootstelling). De omzetting van TFT
in zijn actieve vorm door TK is essentieel, en omdat er maar één omzettingsstap voor
nodig is, is de cytotoxische uitwerking van TFT al binnen enkle uren waarneembaar,
dit in tegenstelling tot 5FU dat meerdere omzettingstappen nodig heeft om actief te
worden in tumorcellen (Hoofdstuk 4). Wanneer cellen niet meer blootgesteld
worden aan TFT zal na verloop van tijd de TS-activiteit in cellen zich herstellen,
hetgeen aangeeft dat continue blootstelling nodig is om TS te remmen (reversibele
remming). Daarom zal bij lange (herhaaldelijke) blootstelling aan TFT de mogelijke
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resistentie door (verhoogde) TS-activiteit kunnen worden omzeild, hetgeen tezamen
met de incorporatie van TFT in het DNA voor maximale antitumoreffecten zorgt.
Naast de rol van TS als celdelingsfactor in tumorgenese wordt TS-expressie
beschouwd alszijnde een belangrijke prognostische factor in 5FU-bevattende
chemotherapie voor dikke darmkankerpatiënten. Daarentegen is van de relatie van
TS met andere prognostiche factoren (bv. tumorsuppressoreiwitten) weinig bekend.
Onderzoek

heeft

uitgewezen

dat

patiënten

met

tumoren

met

lage

TS-

activiteit/eiwitspiegels beter reageren op chemotherapie gebaseerd op TS-remming.
Onze resultaten (Hoofdstuk 3) laten zien dat 5FU-resistente H630R10 humane
darmkankercellen met verhoogd TS TFT en 5FU een 30-40-voudige toename in IC50waarden kunnen induceren in vergelijking met dezelfde cellen (H630) die een lage TS
hebben. Dit geeft aan dat TS-activiteit en zeer belangrijke rol speelt in de effectiviteit
van deze TS-remmers, waarbij tegelijkertijd kruisresistentie tegen andere TSremmers, zoals antifolaten, die TS op een ietwat andere manier remmen. Naast
verhoogd TS spelen waarschijnlijk andere factoren ook een rol in TFT-resistentie. Om
dat te onderzoeken hebben we H630-cellen resistent gemaakt tegen TFT (d.m.v.
selectie op basis van stapsgewijze concentratieverhogingen), resulterend in een
variant (H630-cTFT) die ongeremd doorgroeit in de aanwezigheid van TFT (20 µM
TFT) en een variant (H630-4TFT) die 4 uur per week aan een hoge concentratie TFT
(250 µM TFT) wordt blootgesteld, maar daarbij ook ongeremd doorgroeit
(Hoofdstuk 11). Deze cellen zijn 200x of meer ongevoeliger geworden voor TFT.
Beide cellijnen zijn kruisresistent tegen FdUrd, een 5FU-metaboliet dat door TK
geactiveerd

wordt,

maar

niet

tegen

5FU

of

diens

alternatieve

inactieve

voorloperverbinding (=prodrug) 5’DFUR, die beide door TP geactiveerd worden.
Aanvullende analyses onthulden dat de TP-activiteit en TS-expressie ongewijzigd
bleven in beide cellijnen. De totale TK-activiteit was wel significant lager in de H6304TFT cellen (>90%). Een andere onderzoeksgroep heeft al eerder aangetoond dat
5FU-resistente DLD-1 darmkankercellen niet kruisresistent zijn tegen TFT, maar wel
een verlaagde activiteit hadden van het belangrijke 5FU-activerende enzym
orotaatfosforibosyltransferase, hetgeen aangeeft dat 5FU-resistente cellen niet per sé
kruisresistent hoeven te zijn tegen TFT. Hierbij kan de conclusie gtrokken worden
dat, naast verhoogd TS, verlaagde TFT-activatie door TK waarschijnlijk een ander
belangrijk mechanisme is voor TFT-resistentie. Aan de andere kant is de waarneming
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dat geen verlaagde TK-activiteit is waargenomen in de H630-cTFT cellen verrassend
te noemen, implicerend dat de expressie of activiteit van enzymen direkt betrokken
in het TFT-metabolisme niet per sé geassocieerd dienen te worden met TFTresistentie. Verdere analyse wees uit dat in deze cellen waarschijnlijk een disregulatie
is

opgetreden

in

het

fosfolipidemetabolisme,

en

daarmee

in

de

prostaglandineproduktie in cellen, oftewel een verstoorde signaaltransductie. Onze
data

suggereert

een

zekere

relatie

tussen

het

fosfolipidemetabolisme

en

fluoropyrimidineresistentie, alhoewel het exacte mechanisme dat hieraan ten
grondslag ligt nog verder onderzocht dient te worden.

Rol van TP expressie in fluoropyrimidinegevoeligheid
TP heeft door zijn brede substraatspecifiteit de mogelijkheid om verscheidene
fluoropyrimidines te klieven, waardoor het bepaalde anti-kankermiddelen die
momenteel in de kliniek gebruikt worden (zoals 5’DFUR) of waar nog onderzoek naar
wordt gedaan kan (in)activeren. TP kan door allerlei lichaamseigen stoffen
opgereguleerd worden, maar ook door sommige chemotherapeutica. Sommige
onderzoekers beweren echter dat dit met name afhankelijk is van de intrinsieke TPexpressie van cellen, dat beinvloed kan worden door de aanwezigheid van
chemotherapeutische agentia. Dit is minder relevant voor TAS-102, omdat TP direkt
geinactiveerd wordt door TPI, maar voor andere fluoropyrimidines kan het zeker een
rol spelen in de bestrijding van tumoren middels deze drugs. Onze groep heeft
eerder bekeken of blootstelling van darmkankercellen aan TFT of 5’DFUR de
expressie van TP kan beinvloeden, waar uit de resultaten bleek dat verschillende
effecten op het TP-eiwit en TP-mRNA (DNA-afschrijvingsmateriaal/code om een eiwit
te kunnen vormen) kunnen worden geinduceerd door deze drugs. Dit was niet
uniform in verschillende cellijnen die toendertijd gebruikt zijn, en de uiteindelijke TPactiviteit bleef hierbij ongewijzigd. TPI kon de TP-activiteit volledig of grotendeels
remmen in deze cellijnen, waarbij na verwijdering van TPI de TP-activiteit niet of
nauwelijks herstelde, leidend tot de conclusie dat TPI aan het enzym gebonden is en
daardoor de remming van TP effectief kan continueren, hetgeen een potentieel
additief effect is van TPI bij de TAS-102 formulering.
De hierboven genoemde resultaten laten zien dat regulatie van TP drug- en
cellijnafhankelijk is en (deels) gerelateerd is aan de intrinsieke metabole
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eigenschappen van cellen, die mogelijk beinvloed kunnen worden in tumorcellen.
Aanvullend,

een

lage

TP

expressie

kan

voor

resistentie

tegen

bepaalde

fluoropyrimidine-gebaseerde anti-kankeragentia zorgen. Een goed voorbeeld hierbij is
de orale 5FU-prodrug capecitabine, dat door TP geactiveerd dient te worden en
daardoor afhankelijk is van voldoende TP in en rondom de tumor. Dit geldt niet voor
TAS-102, omdat we al geconstateerd hebben dat het effectief is tegen tumoren met
verschillende TP-expressielevels (Hoofdstuk 5). Dit is gedaan met de zogenoemde
Hollow Fiber Assay, dat een effeciënte methode is voor drugscreening, maar ook een
uitstekende in vivo manier is om diverse pharmacodynamische (de uitwerking van
een stof op het lichaam/weefsels/cellen) parameters na korte blootstelling aan
fluoropyrimidines te onderzoeken. We hebben aangetoond dat de rol van TP
essentieel is in de activiteit van of de resistentie tegen vercheidene orale
fluoropyrimidinebevattende anti-kankerformuleringen, daarbij gebruik makend van
TP-deficiënte Colo320 darmkankercellen en Colo320-TP1 met verhoogd TP uitgetest
op muizen. Na analyse bleek dat TAS-102 aanzienlijke groeiremming kan induceren
bij beide cellijnen, en dat deze remming geneutraliseerd wordt bij afwezigheid van
TPI. Dit resultaat was terug te vinden in enkele pharmacodynamische evaluaties,
waaronder het stopzetten van de voortgang van de celcyclus (cel deelt niet meer) en
toename van apoptose (cellulaire zelfmoord) als gevolg van DNA-schade, dat groter
was in Colo320 dan Colo320TP1. In tegenstelling tot TAS-102 kan het toevoegen van
TPI de effecten van 5’DFUR-geinduceerde cytotoxiciteit en apoptose reduceren bij
Colo320-TP1, maar niet volledig. Kortom, voor 5’DFUR (en capecitabine) moet er TP
aanwezig zijn om enige cytotoxiciteit uit te kunnen oefenen, terwijl TAS-102 niet
direkt gerelateerd is aan de TP-levels in/bij de tumor, maar daarentegen alleen
cytotoxisch kan zijn wanneer systemisch TPI aanwezig is. Oftewel, om genoeg
geactiveerd TFT bij de tumor(en) te kijgen is TPI de grote determinant, en TK is
hierbij secundair, want geen TFT betekent geen TFT-activatie en dus geen
cytotoxisch effect. Een bijkomend aspekt is dat TPI ook de TdR-concentraties in het
plasma kan verhogen, opdat de TFT-afbraak verlaagd wordt omdat TdR kan
concurreren met TFT in de door TP-gemedieerde fosforolyse.
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TP vs UP in fluoropyrimidinegevoeligheid en angiogenese
Een hoge TP-expressie in tumoren kan theoretisch TFT inactiveren (met of
zonder TPI), maar onze resultaten laten zien dat dat lang niet altijd het geval is. Dit
betekent dat voor in vivo en klinische toepassingen hoge TP levels in de tumor niet
per sé een negatieve parameter hoeft te zijn, zoals TAS-102 dat ook effectief kan zijn
tegen tumoren met hoge TP levels. Daarentegen is 5’DFUR selectief afhankelijk van
TP, omdat TP betrokken is bij de activatie van 5’DFUR en analoga ervan. Onder
andere om die reden worden de regulatiemechnismen van het enzym nog steeds
onderzocht. TPI beschermt (tumor)cellen van 5’DFUR-geinduceerde cytotoxiciteit, al
is het maar deels gezien vanuit apoptotisch oogpunt. 5’DFUR is niet alleen afhankelijk
van TP zoals oorspronkelijk gedacht werd, maar andere fosforolyse-enzymen, met
name ‘uridine phosphorylase’ (UP), spelen ook een rol hierin. Het is algemeen
aanvaard dat TP en UP expressies variëren in verschillende organen en weefsels en
bij verschillende diersoorten, dat de variatie in hun substraatspecificiteit sterk
benadrukt. Een interessante bevinding van onze onderzoeksgroep was dat in
SW1398 en SW948 darmkankercellen TdR fosforolyse niet volledig geremd kan
worden, of deels door TPI (40%), ondanks het feit dat deze cellen een vergelijkbare
IC50 en enzymatische activiteit hebben vergeleken met cellen waarbij TPI de TPactiviteit 100% kan remmen met het gevolg dat TdR fosforolyse volledig geblokt
wordt. Ons uitgangspunt was dan ook dat UP mogelijk een aanzienlijke rol speelt in
de onvolledige omzetting van deze substraten door TP.
Het is bekend dat zowel TP als UP een brede en overlappende
substraatspecificiteit hebben, maar in verscheidene studies wordt de rol van UP in
fluoropyrimidinegevoeligheid onderschat. Om dit te verhelderen heben we getracht
de relative contributie van beide enzymen in de gevoeligheid voor 5FU en 5’DFUR te
onderzoeken (Hoofdstukken 6 en 7). Om de enzymactiviteiten te moduleren zijn
TPI en de specifike potente UP-remmer 5-benzylacyclouridine (BAU) gebruikt. In
HaCaT keratinocyten (huidcellen) en witte bloedcellen zagen we dat TPI en BAU
respectievelijk het meeste TdR en uridine (Urd, een analoog van TdR dat met name
door UP wordt omgezet) afbreekt (>80%), maar dat beide enzymen een groot
aandeel in de activatie van 5’DFUR kunnen hebben.

In darmkankercellijnen

overlappen deze 5’DFUR-omzettingen voor TP en UP, maar beide enzymen zijn
verantwoordelijk voor een bepaalde hoeveelheid aan omzetting van de natuurlijke
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substraten TdR en Urd en de fluoropyrimidines 5FU en 5’DFUR, hetgeen wel
verchilde per celllijn. Opvallend was dat in SW1398 cellen UP bijna geheel
verantwoordelijk was voor de omzetting van TdR en 5’DFUR, maar niet in SW948,
implicerend dat UP naast TP een minstens zo belangrijke rol kan spelen in de
activatie van 5’DFUR in sommige gastrointestinale tumoren. Een tweede opmerkelijke
observatie was dat na remming van beide enzymen er nog steeds substraatomzetting
(>40%) experimenteel kon worden waargenomen in tumorcellen en normale cellen,
suggererend dat TP een secundaire rol kan hebben in 5FU gevoeligheid. Dit was het
sterkst in SW1398, waar omzetting van TdR, Urd en 5’DFUR (>20%) waargenomen
werd na complete remming van beide enzymactiviteiten. Dit kan (deels) verklaard
worden doordat 5FU ook via enkele andere metabole routes middels andere enzymen
geactiveerd kan worden. UP was ook niet volledig verantwoordelijk voor de Urdomzetting

in

SW948

cellen,

waar

mogelijk

andere

(onbekende)

pyrimidinefosforylases een bijdrage in de omzetting leveren. Dit was ook te zien in de
druggevoeligheidsexperimenten, waarbij Colo320 relatief ongevoelig bleek voor
5’DFUR in vergelijking met SW1398 en SW948, een resultaat dat opvallend genoemd
kan worden, omdat geen TP-activiteit bij TdR-klieving werd geconstateerd. Bij diens
variant Colo320-TP1 met verhoogd TP zagen we dat TP-remming door TPI alleen de
IC50 van 5FU en 5’DFUR respectievelijk 11x en 50x verhoogde, hetgeen de
secundaire rol van TP wederom benadrukt. Samenvattend valt te concluderen dat
naast TP, UP een significante rol kan spelen in de activatie van fluoropyrimidines
(zoals 5FU-prodrugs) in en bij de tumor, dat nog versterkt kan worden door de vaak
geobserveerde opregulatie van deze enzymen in de tumor. Toekomstige studies
zouden dan ook de contributie van UP mee moeten nemen in het onderzoek naar het
intracellulaire metabolisme van 5’DFUR.
Naast het feit dat TP en UP belangrijke enzymatische intermediairen in
(fluoro)-pyrimidinemetabolisme zijn, speelt TP ook een rol in de angiogenese,
aangezien aangetoond is dat TP identiek is aan het pro-angiogene ‘platelet-derived
endothelial cell growth factor’. Menig studie heeft aangetoond dat verhoogd TP in de
tumor en daar omheen (stroma) in een toename in de vaatdichtheid kan resulteren,
dat voordelig is voor de tumor en dus nadelig voor de patiënt. Sommige
onderzoeksgroepen hebben al aangetoond dat een verhoogde vaatdichtheid kan
correleren met de formatie van metastasen in humane dikke darmkanker, alhoewel
246

Nederlandse samenvatting

andere onderzoekers dit niet zien als een direkt gevolg van verhoogd TP. Het exacte
mechanisme hierachter is echter onbekend, maar veel onderzoek hiernaar richt zich
op de metabolieten die ontstaan na TdR-afbraak, en dan met name de suiker dR-1-P
en het secundaire produkt daarvan: dR. dR heeft pro-angiogene alsmede antiapoptose eigenschappen, en wordt gezien als chemotactisch agens dat neovascularisatie (vormen van nieuwe bloedvaten) middels concentratiegradiënten kan
induceren/bevorderen, omdat die dan cellen (endotheelcellen) richting de tumor kan
aantrekken om vaten te gaan vormen. Angiogenese is dan ook een dynamisch proces
dat gecontroleerd wordt door de aanwezigheid van diverse pro- en anti-angiogene
factoren. Toch is er geen duidelijke consensus omtrent het associëren van verhoogd
TP met het bevorderen van angiogenese in tumoren, aangezien er ook in vivo
experimenten gedaan zijn waaruit bleek dat tumoren met veel TP niet een
toegenomen neo-vascularisatie in de tumoren lieten zien.
TP is van nature hoog in bepaalde humane weefsels (o.a. darm, lever, blaas),
maar wordt voornamelijk tot expressie gebracht door bepaalde immuuncellen,
bloedplaatjes en endotheelcellen. Onze resultaten laten zien dat perifere witte
bloedcellen in staat zijn om behoorlijke hoeveelheden TdR door TP af te kunnen laten
breken in enkele uren, waarbij TP en UP de voorkeur hebben om respectievelijk TdR
en Urd af te breken, maar beide 5’DFUR in 5FU kunnen omzetten (Hoofdstuk 7).
Voor het eerst hebben we kunnen aantonen dat sommige immuuncellen zoals
macrofagen (ruimen o.a. geinfecteerde cellen op in het lichaam na herkenning) een
hogere basale TP-activiteit (>4x) hebben dan de immuuncellen waar ze uit
voortkomen, de ongedifferentieerde monocyten. Tumorinfiltrerende macrofagen
hebben vaak een overexpressie van TP, dat naast de tumorcellen zelf, kunnen
bijdragen aan de hoge TP-levels in het stroma. Dit aandeel kan men relateren aan
gistimuleerde

angiogenese,

waarbij

de

fluoropyrimidinegevoeligheid

en

de

overlevingskans van de tumor rondom necrotische (afstervende) gebieden mogelijk
kan worden beinvloed. Om meer inzicht te krijgen in de effectiviteit (cytotoxiciteit)
van TFT (of capecitabine/5’DFUR) is het wellicht belangrijk om TP levels in
monocyten en/of bloedplaatjes te monitoren voor en gedurende de behandeling van
kankerpatiënten met TAS-102, ook om de duur van TP-remming door TPI te kunnen
observeren.

247

Nederlandse samenvatting

Het bestrijden van angiogenese als aanvulling op de huidige chemotherapie is
een belangrijke relatief nieuwe ontwikkeling. TAS-102 is eigenlijk een combinatie van
beide. We observeerden dat muizen met geimplanteerde tumorcellen na 10 dagen
behandeling met TAS-102 TPI al in staat is om vaatgroei bij de tumorcellen te
reduceren, dat waarschijnlijk te relateren is aan suppressie van de invasiviteit van
tumorcellen en metastasering. De capaciteit van TPI om deze processen in vivo te
blokken is ook onderzocht door andere onderzoekers, die lieten zien dat bij darm- en
longtumoren TPI TP-geinduceerde neo-vascularisatie op een dosis-afhankelijke
manier kan remmen in verschillende muizenmodellen, zowel waarbij tumoren TP
hoog als laag tot expressie brachten. TPI alleen kan ook de groeisnelheid van cellen
remmen en het apoptotische proces in gang zetten, alsmede de chemotactische
motiliteit en de invasie van het basaalmembraan (protectieve weefsellaag dat
moeilijk doordringbaar is voor migrerende cellen) door tumorcellen verlagen en
daarbij de vorming van levermetastasen. De anti-tumoractiviteit van TPI als middel
op zich en diens belangrijke rol in tumorgroei impliceren dat TP een belangrijke
determinant is in de invasiviteit en inductie van metastasen bij solide tumoren met
hoge TP-expressie. Door deze eigenschappen van TPI is TAS-102 een veelbelovende
formulering voor gebruik in de kliniek. Daarom is het ook interessant om in de nabije
toekomst TAS-102 te combineren met andere (nieuwe) middelen die vaatgroei
tegengaan.

Drugcombinaties
Verschillende (pre)klinische studies heben aangetoond dat tumorregressie
vergroot kan worden door een anti-angiogeen middel te combineren met een
cytotoxisch anti-kankermiddel, hetgeen TAS-102 een uitstekende kandidaat maakt
om te combineren met andere cytotoxische agentia. In dit proefschrift beschrijven
we de combinatie van TAS-102 (als TFT) met andere cytotoxica. TFT is in vitro
gecombineerd
Hoofdstuk

met
9)

en

andere

TS-remmers

irinotecan

(CPT-11;

(Hoofdstuk
Hoofdstuk

8),
10)

oxaliplatin
in

(OHP;

verschillende

blootstellingsschema’s om de interactie tussen de drugs te kunnen bepalen. Het
combineren van TFT met FdUrd, een 5FU metaboliet, is geen optie aangezien de
effecten puur additief zijn door overlappende werkingsmechanismen. Bij lage
concentraties van folaten (co-factoren die nodig zijn om TS te kunnen laten werken)
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vonden we dat TFT met de folaatremmers AG337, ZD1694 en GW1843 (groep der
antifolaten) een lichte synergistische (elkaar versterkende) interactie in groeiremming
in darmkankercellen kan aangaan. De laagfolaatstatus verhoogt waarschijnlijk de
binding van antifolaten met TS, omdat al gevonden is dat folaatspiegels in medium
en in cellen een belangrijke determinant is in de effectiviteit van antifolaten.
Een veruit groter synergistisch effect in darmkankercellen werd gevonden
wanneer TFT is gecombineerd met het DNA-schadeproducerende OHP of SN38, de
actieve metaboliet van CPT-11. OHP en SN38 maken het DNA rigider door binding
van buitenaf, en niet zoals TFT, dat geïncorporeerd wordt in het DNA zodat het
moeilijk ontvouwt bij celdeling en uiteindelijk resulteert in een toename van DNAbreuken in de cel, en uiteindelijk celdood. Deze drugcombinaties zijn wel afhankelijk
van de dosis en het blootstellingsschema (wanneer en hoelang) die gebruikt zijn:
TFT-preincubatie kan OHP-geinduceerde cytotoxiciteit verlagen, maar bij de TFTSN38 combinaties waren er juist sterke synergistische intercties te constateren. Dit in
tegenstelling bij 5FU, waar het totale cytotoxisch effect verhoogd kan worden
wanneer cellen na 5FU-bloostelling aan SN38 blootgesteld worden. Dit was een vrij
onverwachte bevinding, aangezien TFT en 5FU beide fluoropyrimidines zijn met
overlappende werkingsmechanismen, en beide de synergie kunnen verhogen middels
sequentiële blootstelling van de cellen aan deze drugs vergeleken met simultane
blootstelling aan drugcombinaties. Dit verschil is mogelijk te verklaren op het niveau
van veranderingen aan het DNA met betrekking tot gevormde eiwitcomplexen
(betrokken bij DNA-strengontvouwing) in/aan het DNA die ‘bevroren’ komen te zitten
door SN38, maar ook bij de aanwezigheid van nucleoside-analoga zoals 5FU. Het is
niet duidelijk of TFT zelf zulke complexen kan ‘bevriezen’ of dat het de formatie van
deze complexen door SN38 kan bevorderen. Ook met betrekking tot de TFT-OHP
combinaties hebben we laten zien dat TFT anders opereert dan 5FU in de combinatie
met SN38 of OHP, hetgeen de waarde van dosis-bloostellingschema’s illustreert en
de integratie ervan in de farmacokinetische (wat het lichaam met de drugs doet)
drugprofielen van deze lichaamsvreemde stoffen. Deze TFT-SN38 en TFT-OHP
combinaties zijn geschikt om in vivo te onderzoeken, omdat synergisme is
waargenomen bij verchillende blootstellingschema’s en na gebruik van verschillende
darmkankercellijnen, alhoewel de metabole en biologische interacties ten eerste
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onderzocht dienen te worden aleer enige potentiële klinische potentie en effectiviteit
voor deze drugs te kunnen creëeren.
Conclusie
Algeheel samengevat kunnen we concluderen dat TP een belangrijke rol speelt
op verchillende vlakken en niveau’s aangaande de bestrijding van dikke darmkanker,
en daardoor een interessant onderzoeksobject zal blijven met betrekking tot de
overweging om er rekening mee te houden in de toekomstige klinische oncologische
trials met TAS-102 en andere fluoropyrimidines, en wellicht ook antifolaten. Alhoewel
nieuwe studies opgezet dienen te worden om de rol van TP in orale fluoropyrimidinegevoeligheid en angiogenese te verhelderen, moet men rekening houden met
de rol van UP in fluoropyrimidineactivatie en het mechanisme van pro-angiogenese
gemedieerd door effectormoleculen die pas van invloed zijn na de door TPgekatalyseerde reacties. Deze aspecten van TP moeten verder worden onderzocht
om te helpen in het ontwerpen van nieuwe therapieën (TAS-102) of het modificeren
van huidige therapieën (capecitabine) waarbij TP betrokken is. Aanvullend zijn de
duale eigenschappen van de TAS-102 formulering in de kliniek bij de behandeling
van solide tumoren veelbelovend, omdat de huidige therapieën zich steeds meer
baseren op het aanpakken van meerdere targets tegelijkertijd. Om deze reden zou er
meer aandacht gegeven moeten worden aan het potentiële anti-angiogene effect van
TPI, met name in vroege-fase klinische studies. Om de behandeling van
gastrointestinale maligniteiten te verbeteren zou het interessant zijn om TAS-102 te
combineren met andere angiostatische of cytotoxische agentia in toekomstige
klinische trials, zoals groeifactor(receptor)remmers en DNA-syntheseremmers als
OHP en CPT-11.
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Zóóh. Bij mij is het meestgelezen deel van een proefschrift niet alleen een
dankwoord, maar ook een uitstekende gelegenheid om mijn hart te luchten. Dat zal
ook wel moeten, want het leven van een promovendus gaat helaas niet altijd over
rozen, maar soms ook over brandnetels. Bovendien gaan bij mij veel dingen nu
eenmaal net iets anders, of zoals mijn vader altijd zei: ''iej bunt'n apartn''.
Tja, loop je daar hartje zomer 2001 op het Museumplein in Amsterdam, word je
plotsklaps gebeld door ene (toen nog) Dr. Peters. Of ik interesse had om eventueel
AIO te worden binnen de afdeling Medische Oncologie van het toenmalige VU
Academisch Ziekenhuis. Was op dat moment diplomaloos, want de eindscriptie moest
nog grotendeels geschreven worden, maar ik had er wel oren naar. Eens even kijken
wat ie me te bieden had. Had nog nooit gehoord van het enzym thymidine
phosphorylase, maar na ons gesprek kon het project me zeker interesseren. En zo
begon mijn promotietraject, een leuke periode zowel op als naast het werk.
Uiteraard wil ik als eerste mijn promotor prof.dr. Peters bedanken voor het geven
van de mogelijkheid mij promotieonderzoek te laten doen binnen de afdeling
Medische Oncologie van het huidige VUmc. Beste Frits (int lab ook bekend als 'de
snor'), we waren het lang niet altijd met mekaar eens ('lung'), toch kwamen we er
uiteindelijk wel weer uit. Je pragmatisch probleemoplossen, iedereen een kans
geven, de open deur, de kalmte die je altijd wist te bewaren als ik weer eens
binnenstormde met een probleem, je grote incasseringsvermogen, me de vrijheid
geven menig congres te mogen bezoeken, zijn enkele voorbeelden die ik erg kon
waarderen tijdens mijn verblijf in je lab. Je zei wel eens ''een steuntje in de rug kan
nooit kwaad Olaf'', dat klopt, maar ik ben het type dat eerder een trap onder de kont
nodig heeft, ofwel 'Wie de roede spaart haat zijn zoon, maar wie hem lief heeft
tuchtigt hem al vroeg' (Spreuken 13:24). Of sumsing like that.
Co-promotor dr. Fukushima, thank you very much for your assistance/support, and
to give me the opportunity to generate a thesis on this project. I really appreciate
the sponsoring of my AACR congres visits by Taiho Pharmaceuticals. It was a
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pleasure to enjoy the jewels of Japanese cuisine with you at AACR 2005: eating sushi
and sashimi!
Natuurlijk wil ik ook de leescommissie en promotiecommissie hartelijk bedanken voor
hun aandacht voor en kritisch kijken naar dit proefschrift.
Kvoel me zeker verplicht te melden dat ik met ons 'Farmacologielab' leuke momenten
beleefd heb: de borrels her en der (Marion, De Stelling, verschillende tenten in
Amsterdam, enz.), menig liter pils is weggetikt met (vnl.) de jongens. Er is heel wat
afgegrapt en afgegrold in en buiten ons lab, khad ook niet zonder gekund denk ik.
Zeiltripje naar Friesland, dat was echt lachen, had het zelf nog niet eerder gedaan,
jammer dat ik me niet alles meer kan herinneren. Zal nog wel es voordoen met mun
O-benen hoe iemand met X-benen loopt. De labuitjes waren ook echt gezellig; ben
niet naar dat blok beton dat Amsterdam Arena heet geweest, principekwestie hè.
Kees ('die kale', 'Smid!'), bedankt voor je hulp en begeleiding in het lab. Als
hoofdanalist heb je me eens willen uitleggen hoe een pipet werkt, kviel zowat van de
stoel waar ik niet op zat! Maar was ook wel weer aandoenlijk. Ooit zul je 'ajuus' goed
kunnen uitspreken, blijven oefenen Kees, je kunt me altijd bellen. En als iets me echt
niet kan boeien Kees, dan interesseert het me ook echt geen ene dikke reet! AZzuigers Adrie en Kasper, bedankt voor al jullie hulp m.b.t. het HPLC-werk! Succes
met jullie nieuwe baan! Jennifer, Irene en Auke (Fryslân Boppe), succes en sterkte
met jullie promotietraject! Emine, je stond er echt van te kijken dat ik Turkse
woorden kende, in ieder geval veel succes met je nieuwe werk! Dear Richard H., you
pale Englishman, thanks for all the help and advice you gave me, enjoy your time
with the little fella and good luck with your work! Kleurrijk fenomeen Eveline,
hartstikke bedankt voor de blotjes die je voor me geproduceerd hebt, kreeg er zelf
een menig punthoofd van! En ik blijf erbij dat jullie allen dat rammen met die SRB
platen zullen gaan missen, ook in dat nieuwe Cancer Center Amsterdam.
Ex-collega’s rustige Willem, Sandra de L (met dat mormel Floris), Annemarie, Paul
(jeg snakker Norsk), Lizzy, Julliette en Jan-Hendrik McGregor: jullie ook allen
bedankt!
En dan zat je op een kamer met het Friese fenomeen Chiel de Bruin ('Bastard',
'stettnkop'). Al vind ik Frysk een lelijke taal, 'jittizer skoptkont' blijft leuk klinken, wat
het ook mag betekenen. Wat had je toch een lol met mijn initialen, Et-OH Temmink…
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Mocht je graag doen, mensen de gek aansteken, helaas ging dat snel over bij mij en
Adrie. Je kon gelukkig veel hebben, moest ook wel met letterlijk en figuurlijk zo'n
dikke huid. Vind het wel knap van je dat je zó bent afgevallen, petje af! Afgezien van
al dat ouwehoeren, dat ik overigens graag met je deed, wil ik je bedanken voor alles:
het inwerken, wegwijs maken in en rondom het lab, schrijven van papers, hulp bij de
promotie ..., vandaar ook deze hele paragraaf voor jou alleen.
I especially need to thank Stephen Ackland and Jennette Sakoff for giving me the
opportunity to visit the Medical Oncology lab in the Newcastle Mater Misericordiae
Hospital in Australia. I enjoyed collaborating with you guys; thanks for all your help
and advice, the nice conversations and the results discussions. In addition, special
thanks goes to Madhu, Jayne and Lisa Maree for their technical assistance in the lab.
Verder wil ik nog vele andere mensen bedanken voor hun hulp, bijdrage aan dit
boekje of gewoon gezelligheid: Anita, Yvonne, Yvette, Yuana, Sareena, Gerda, Henk
D, Henk B, Richard de H, Jan, Sandra, Boudewijn, Jacqueline, Isabelle (vergeet die
voedingssupplementen, eet gewoon een sinaasappel), Renske, Tanja, Allan, Beppe,
Frank, Linda, Bas, Simone, Agnieszka, Josean, Barbara, Jens, André, Rob, Gerrit,
Ruud, en de mensen die ik wellicht ten onrechte vergeten ben. Ook ben ik grootse
dank verschuldigd aan de voormalig studenten Marco, gekke Henkie, Annelies en
Silvia, die ik (zijdelings) heb begeleid; fijn dat jullie allemaal goed zijn
terechtgekomen!
In mijn laatste jaar ben ik begonnen met squashen, inspanning voor ontspanning is
belangrijk voor lichaam en geest, dus Bart, Maarten, Sander, Pim, neusje van de
zalm Laura, Saskia (nogmaals excuses voor alle blauwe plekken) en mede-tukker
Marcel, de enige die begreep dat bij mij de deur los is en niet open staat, jullie allen
bedankt! Marcel, Dennis, biljarten en bier drinken tijdens de basiscursus oncologie in
Ellecom en de AIO retraite in De Koog op Texel was ook bijzonders gezellig. Zal er
meteen ff een lesje aan vast plakken. Marcel, je weet ongetwijfeld dat Tukker
waarschijnlijk van 'tuk' (broekzak in Twents) afgeleid is, er bestaan echter nog 3
vage theorieën: afgeleid van het heidezangvogeltje de kneu, kwam vroeger veel voor
in Twente en men noemde het beestje 'tukkertje'; afgeleid van dralen, vroeger zag
men rondom Twente de Twentenaren als dralers (treuzelaars), dus mensen die veel
dutten ofwel tukten (een dutje/tukje doen); afgeleid van het hoogduitse woord
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'tukken', hetgeen over de grens bij Twente een andere benaming was voor hinken,
ofwel mank lopen, en vroeger gingen Twentenaren met beenmankementen over de
grens naar bepaalde plaatsjes om er aan geholpen te worden. Dat weten we dan ook
weer.
Aanvullend wil ik Laura en Taco bedanken die willens en wetens mijn paranimfen
(blijf het een walgelijk woord vinden) willen zijn, maar nog meer vanwege hun
bemoedigende woorden. Ook dank aan mijn moeder, broer René en de rest van de
familie in het Oosten des lands, zonder steun van het thuisfront ben je sowieso
nergens. En natuurlijk last, but certainly not least, mijn lief, steun en toeverlaat
Suzan, grootse dank ben ik je verschuldigd voor alle geduld die je met me hebt
gehad.
Of zoals mijn vader altijd zei: 'èndig woar'j an begint en wa'j doot mo'j good doon,
aans kriej nen loage op'n balg!'
Afgezien van alle (on)gein tussendoor rest me met nog één opmerking te sommeren:
mensen, twas me een genoegen om met jullie te hebben (samen)gewerkt en om te
mogen gaan: bedankt voor alles!

Goodgoan!
(tot ziens en tga jullie goed)

Olaf
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