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Summary

Platelet-derived endothelial cell growth-factor (PDECGF) is similar to the pyrimidine enzyme thymidine
phosphorylase (TP) and hence plays a dual role in cell biology. A high expression is related to malignant
angiogenesis and invasion, and is therefore associated with a poor prognosis. It has been postulated that the
angiogenic effect of PDECGF/TP is related to the enzymatic activity of TP, which catalyzes the breakdown of
thymidine to thymine and deoxyribose-1-phosphate (dR-1-P). The latter, in its parent form or in its sugar form,
deoxyribose, may play a role in angiogenesis. It may interfere in cellular energy metabolism or be substrate in a
chemical reaction generating reactive oxygen species. L-deoxyribose and a specific TP inhibitor, TPI, can reverse
these effects, supporting the role of the enzymatic reaction and that of the sugar. The essential role of TP in cellular
metabolism was demonstrated by the finding that a deficiency was associated with mitochondrial
neurogastrointestinal encephalomyopathy (MNGIE), which is an autosomal, recessive disorder involving
mitochondrial DNA alterations. This syndrome was not associated with abnormal vascularization, indicating that
TP/PDECGF only plays a role in malignant angiogenesis. Besides the role in angiogenesis, TP also plays an
important role in thymidine homeostasis and thus in the synthesis of TMP a precursor in DNA synthesis. A high TP
may deplete thymidine and its nucleotides. TP has a also an important pharmacological action. It has a moderate
or even negligible role in the activation of the antimetabolite 5-fluorouracil (SFU), but its phosphorolytic activity is
essential for the activation of 5’-deoxyfluorouridine (SDFUR) to SFU. SDFUR is an intermediate in the activation of
the oral SFU prodrug Capecitabine (Xeloda). Since the expression of TP/PDECGF is high in solid tumors and its
stroma, this may be responsible for selective activation of SDFUR in tumor cells. Since TP is easily inducible by
external signals, e.g. radiation, cytokine exposure (tumor necrosis factor, interleukin, interferon), or cytotoxics (e.g.

99



De Bruin et al: Role of PD-ECGF/TP in health and disease

paclitaxel), combinations of these agents with Capecitabine are currently being explored in the clinic. The
mechanism of induction is not completely clear but may involve activation of the translation at the promoter site.
TP expression is also regulated by the transcription factor NF-kB, hence targets against this nuclear factor may also
affect TP expression and function. These agents may not only affect SFDUR activation, but also that of the
investigational drug Trifluorothymidine (TFT). This drug is a good substrate for TP leading to its inactivation; in
order to improve its bioavailability TFT is combined with TPI in the formulation TAS-102, which may have a dual
action; TPI may inhibit angiogenesis but is essential for prevention of TFT breakdown. TFT will subsequently be
activated. The various complex interactions of TP/PDECGF give it an essential role in cellular functioning and

hence it is an ideal target in cancer chemotherapy.

I. Introduction

Platelet derived endothelial cell growth factor (PD-
ECGF) plays a dual role in tumor biology. It promotes
angiogenesis and plays a role in the metabolism of
different fluoropyrimidines.

Numerous immunohistochemical and TP-enzyme
activity studies have shown that PD-ECGF/TP is
upregulated in a broad range of solid tumors compared to
normal healthy tissue (Brown and Bicknell, 1998; Ackland
and Peters, 1999). It has a pro-angiogenic activity,
stimulates the development of metastases (Maeda et al,
1996) and in many studies it was shown to be an
independent prognostic factor for poor outcome of the
disease (Takebayashi et al, 1996a). Furthermore, PD-
ECGF has been found to be upregulated in other diseases

TMP

in which angiogenesis and macrophage infiltration play a
role in the pathology, one of these is rheumatoid arthritis
(RA) (Asai et al, 1993).

PD-ECGF was discovered in the late 1980s in
platelets and presented as a classical growth factor with
angiogenic properties (Miyazono et al, 1987). It was later
demonstrated that PD-ECGF is identical to the enzyme
thymidine phosphorylase, known to play a role in the
pyrimidine metabolism. PD-ECGF will be designated
throughout this review as PD-ECGF/TP. This enzyme
catalyzes the phosphorolytic cleavage of thymidine (TdR)
to thymine and dR-1-P (Figure 1). PD-ECGF/TP
participates in many pathological and non-pathological
processes (Table 1).

TKT
PD-ECGF/TP

Thymidine

P.

» Thymine

dR-1-P — dRibose

Figure 1. The phosphorolytic cleavage of TdR, catalyzed by PD-ECGF/TP. TdR can be phosphorylated by thymidine kinase (TK) to

TMP, a precursor for DNA synthesis.

Table 1. List of processes in which PD-ECGF/TP is involved, ranging from physiological processes such as TdR
homeostasis to patho-physiological processes such as tumor angiogenesis

*Thymidine homeostasis

« Chemotherapy

* Wound healing

PD-ECGF/ITP —»

*Tumor angiogenesis

* Psoriasis

« Rheumatoid arthritis

* Neuronal survival; growth inhibitor
of astrocytes
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To date several hypotheses have been formulated
concerning the mechanism of the pro-angiogenic effect, all
involve the generation of dR-1-P and dR from the
phosphorolytic breakdown of TdR.

This makes that there are two approaches possible
regarding this enzyme, one is the inhibition of PD-
ECGF/TP, thereby decreasing its angiogenic effect, the
other is to utilize PD-ECGF/TP as an activator of specific
fluoropyrimidine  pro-drugs in order to obtain
accumulation of the cytotoxic species of the drug in the
tumor (Focher and Spadari, 2001; Marchetti et al, 2001).
A higher accumulation of these species in the tumor can
be achieved by stimulation of PD-ECGF/TP-activity. This
activity can be increased by both cytotoxic compounds
such as taxanes (Sawada et al, 1998) and biological agents
such as TNF-a and IFNs (Eda et al, 1993).

A. PD-ECGF/TP

PD-ECGEF is an angiogenic factor discovered in 1987
(Miyazono et al, 1987) and was presented as a classical
growth factor. It was reported to be mitogenic in
experiments using (°*H)-thymidine incorporation as growth
parameter (Miyazono et al, 1987). PD-ECGF was cloned
and sequenced; its subsequent expression in transformed
NIH 3T3 cells resulted in more vascularized tumors
compared to the control (Ishikawa et al, 1989). PD-ECGF
is located on chromosome 22 and is around 1.8-kb,
consisting of 10 exons in a 4.3-kb region (Hagiwara et al,
1991; Stenman et al, 1992). Lysates from PD-ECGF
transfected cells were able to induce (‘H)-thymidine
incorporation in endothelial cells, while conditioned
medium from these cells did not have this effect (Ishikawa
et al, 1989). This reflected the lack of a hydrophobic
leader sequence, necessary for secretion. In this same
study it was shown that partially purified PD-ECGF could
induce endothelial cell migration and had a strong
angiogenic response on the vascular system of the chick
chorioallantoic membrane (CAM-assay) (Ishikawa et al,
1989). Sequence analysis of the gene revealed a stretch of
120 amino acids to be identical to thymidine
phosphorylase (TP), an enzyme catalyzing the reversible
phosphorolysis of thymidine to thymine and 2-
deoxyribose-1-phosphate (dR-1-P) (Furukawa et al, 1992).
TP was known to be active in platelets as part of
pyrimidine metabolism (Shaw et al, 1988). Subsequently
this enzymatic activity was identified for PD-ECGF
(Moghaddam and Bicknell, 1992; Usuki et al, 1992,
Sumizawa et al, 1993). The enzymatic activity seems
indispensable for the angiogenic effect, since a
competitive inhibitor of TP blocked the angiogenic effect
(Haraguchi et al, 1994). Site-directed mutagenesis
rendered an inactive PD-ECGF/TP protein, which no
longer possessed angiogenic activity (Miyadera et al,
1995;Moghaddam et al, 1995). Since (1) the enzymatic
activity is indispensable for the angiogenic effect, (2) there
is no hydrophobic leader sequence and (3) no receptor for
PD-ECGF/TP has been discovered, PD-ECGF/TP is not a
classical growth factor. PD-ECGF/TP is also known as
gliostatin, which was isolated as a protein possessing a
growth inhibitory effect on glial cells but not neuronal
cells (Asai et al, 1992a). Gliostatin is neurotrophic and has
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a survival promoting effect on cortical neurons in culture
(Asai et al, 1992b; Ueki et al, 1993). This neurotrophic
protein also had a large sequence similarity to PD-ECGF
and was thought to be the same protein (Asai et al, 1992b).
All three enzymes are considered to be identical (EC
2.4.2.4). PD-ECGF and TP are used interchangeably
throughout the literature; however, the use of gliostatin is
mainly confined to rheumatoid arthritis and neurologic
research.

B. PD-ECGF/TP expression in health and

disease

The protein is expressed in normal tissues and cells,
including macrophages, Kupffer cells, endothelial cells,
ovary, salivary gland, brain (Fox et al, 1995; Yoshimura et
al, 1990) and placenta (Jackson et al, 1994). In the
placenta there is an other form of PD-ECGF/TP protein
which contains 5 additional amino acids in the N-terminus
and is processed at Thr-6 instead of Ala-11, as is known
for the PD-ECGF/TP derived from platelets (Usuki et al,
1990). Besides this differently processed PD-ECGF/TP
there appears to be a 27 kD splice variant in the placenta
(Jackson et al, 1994). In numerous histochemical studies
increased PD-ECGF/TP expression compared to normal
tissue, was found in breast- (Moghaddam et al, 1995),
bladder- (O'Brien et al, 1995, 1996), gastric- (Yoshimura
et al, 1990; Takebayashi et al, 1996b), colorectal-
(Yoshimura et al, 1990; Takebayashi et al, 1996b), lung-
cancer (Giatromanolaki et al, 1998b; O'Byrne et al, 2000)
and in several other tumors. Increased PD-ECGF/TP
expression was confirmed, by measuring TP activity in
normal and corresponding tumor tissue by Miwa et al
(Miwa et al, 1998). Previous studies focusing on PD-
ECGF/TP as a pyrimidine enzyme had demonstrated a
higher expression in colon tumor tissue compared to
normal tissue (Peters et al, 1991). High TP has been
shown to be a prognostic factor for poor survival in gastric
and colorectal cancer (Takebayashi et al, 1996a, b;
Matsumura et al, 1998; van Triest et al, 2000), but in
esophageal carcinoma there are conflicting reports
(Ikeguchi et al, 1999; Koide et al, 1999). PD-ECGF/TP is
an independent prognostic factor in gastric carcinoma,
where it has been shown that increased PD-ECGF/TP also
correlated with increased hepatic metastases, possibly as a
reflection of increased vascularization (Maeda et al, 1996).
In the study from Takebayashi et al it was shown in
colorectal cancer, that only Dukes’ stage and TP-
expression were independent prognostic factors for poor
disease outcome. PD-ECGF/TP can be correlated to a poor
disease outcome without being correlated to microvessel
density (MVD), (Suzuki et al, 2001). In Table 2 adapted
from Morita et al (Morita et al, 2001) the results of 58
studies are summarized, in which PD-ECGF/TP was
measured (immunohistochemically, PCR or activity). In
31 of these (high) PD-ECGF/TP expression correlated
with angiogenesis, in 11 it didn’t and in 16 it was not
evaluated. Furthermore, in 20 of the studies PD-ECGF/TP
correlated with poor prognosis, 13 did not and 25 were not
evaluated for this parameter. The lack of a clear
association of PD-ECGF/TP with angiogenesis might be
due to other activated angiogenic pathways or activation
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Table 2. Several studies have been categorized according to the outcome of PD-ECGF/TP expression and angiogenesis and prognosis.
Overall, there was a positive correlation between PD-ECGF/TP expression and occurrence of angiogenesis (29 / 55 studies) and poor
prognosis (19 /55 studies). Reproduced from Morita et al, 2001 with kind permission from American Chemical Society.

PD-ECGF/TP correlation with:

Disease Angiogenesis Prognosis
Yes/No/ND Yes/No/ND
Uterine cervical cancer 3/2/0 3/0/2
Endometrial cancer 2/1/71 0/3/1
Ovarian cancer 1/0/2 1/0/2
Non small cell lung 2/0/3 1/1/3
cancer
Esophageal cancer 3/0/2 3/2/0
Gastric cancer 4/0/1 3/0/2
Colon cancer 5/0/0 2/0/3
Breast cancer 3/3/2 1/5/2
Pancreatic cancer 2/0/0 2/0/0
Bladder cancer 0/1/5 1/2/3
Renal cell carcinoma 1/1/0 2/0/0
Head and neck cancer 2/1/0 1/0/2
Prostate 1/1/0 0/0/2
Glioma 1/0/0 0/0/1
Hepatocellular 0/1/0 0/0/1
carcinoma
Oral squamous cell 1/0/0 0/0/1
carcinoma
Overall # studies 31/11/16 20/13/25

of different pathways, either resulting in or resulting from
diffeent pathological features of the tumor. An inverse
relation between PD-ECGF/TP and VEGF has been
described for cervical cancers, and there was no
correlation between MVD and PD-ECGF/TP (Tokumo et
al, 1998). It was described by O’Brien et al that PD-
ECGF/TP expression in invasive bladder tumors was 260
fold higher than in normal mucosa, and 33-fold higher
than in superficial tumors (O'Brien et al, 1995). The
reverse was true for VEGF, which was lower in invasive
compared to superficial tumors (O'Brien et al, 1995). In a
study in pancreatic cancer it was found that both VEGF
and PD-ECGF/TP were correlated to MVD; VEGF and
MVD were not predictive for overall survival, but elevated
PD-ECGF/TP was correlated with poor a survival
(Fujimoto et al, 1998). Van Triest et al also found co-
expression of VEGF and PD-ECGF/TP in colorectal
cancer and correlation with MVD. High PD-ECGF/TP
also proved to be an independent prognostic factor (van
Triest et al, 2000). Co-expression of PD-ECGF/TP and
VEGF was found in breast cancer (Toi et al, 1995b).

The co-expression of PD-ECGF/TP and VEGEF is not
uniform and varies per tumor type and study. VEGF is
generally correlated with MVD and can be considered as
the major pro-angiogenic factor. However, PD-ECGF/TP
only seems to play an additional role in certain
circumstances and tumor types.
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Tumors are heterogeneous tissues consisting of
unknown variable contributions of tumor, stromal and
infiltrating cells all may express PD-ECGF/TP (Takahashi
et al, 1996; Giatromanolaki et al, 1998b; Matsumura et al,
1998; van Triest et al, 2000). It has been shown that TP
can be increased in malignant cells rather than in the
tumor stroma (Maeda et al, 1996). In some tumors PD-
ECGF/TP seems to be present both in malignant and
stromal cells (Takebayashi et al, 1996a). Koukourakis et al
reported TP expression of cancer cells, stromal cells
(stroma associated fibroblasts) and infiltrating cells like
macrophages (Koukourakis et al, 1998). In this study it
was shown that PD-ECGF/TP expression in various cells
might have different effects and different associations
withprognosis. PD-ECGF/TP over-expression in cancer
cells was related with poor prognosis, while PD-ECGF/TP
expression of the stroma was related to a better survival in
a subset of the patients. It was hypothesized that PD-
ECGF/TP in the stroma was a marker of infiltrating
macrophages, cells that are evidently involved in tumor
biology. Infiltrating macrophages have been identified as
producers of pro- and anti-angiogenic factors promoting or
inhibiting tumor growth, however, overall they appear to
be promoting tumor growth, contributing to the pathology
(Bingle et al, 2002). Co-localization of macrophages and
PD-ECGF/TP, alone or with other angiogenic factors, e.g.
VEGF, interleukin 8 (IL-8) has been studied extensively
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by immunohistochemsitry. In most of these studies co-
expression of PD-ECGF/TP and macrophages was
observed in melanoma (Torisu-Itakura et al, 2000),
glioblastoma multiforme (Hirano et al, 2001), breast (Toi
et al, 1999; Ueno et al, 2000), cervical (Fujimoto et al,
2002), colon (Takahashi et al, 1996; Zhang et al, 2004),
and prostate cancer (Sivridis et al, 2002).

The expression of PD-ECGF/TP is often both
cytoplasmic and nuclear (Fox et al, 1996; Yang et al,
2000). In a study on gallbladder adenocarcinomas only
nuclear PD-ECGF/TP staining correlated with increased
angiogenic activity (Giatromanolaki et al, 2002).

In summary, PD-ECGF/TP has been found to have
higher expression in tumor tissue compared to normal
tissues in a variety of human malignancies, and its
expression is not only found in cancer cells but also in the
stromal macrophages, lymphocytes and fibroblasts.
Overall a high level of PD-ECGF/TP expression is
correlated with a higher MVD, more metastases and it
appears to be a poor prognostic factor. Two other
examples of these particular diseases are osteoarthritis and
inflammatory bowel disease (Giatromanolaki et al 2003).

C. Other diseases expressing PD-
ECGF/TP

Increased PD-ECGF/TP mRNA and
immunoreactivity were found in lesional psoriasis

compared to non-lesional skin (Creamer et al, 1997). In
another study it was shown that the thymidine
phosphorylase activity was twenty-fold higher in psoriatic
lesions than in normal skin (Hammerberg et al, 1991).
There is one study, which examined the activity and
distribution of PD-ECGF/TP in the nasal mucosa of
people with nasal allergy, and observed that the mucosal
TP-activity of patients was higher than that of the normal
controls. Strong staining of eosinophils was observed,
indicating that the enhanced activity might be due to an
increased number of PD-ECGF/TP expressing infiltrating
cells (Nishimoto et al, 2000). Elevated levels of
(circulating) PD-ECGF/TP were found in rheumatoid
arthritis patients (Asai et al, 1993; Giatromanolaki et al
2003). The diseases in which an elevation of PD-
ECGF/TP has been described thus far are immune system
related and have features of chronic inflammation.

D. Circulating PD-ECGF/TP

Pauly et al identified and compared TP activity in the
plasma of healthy subjects and cancer patients (Pauly et al,
1977) and found that TP activity was higher in the plasma
of cancer patients. This finding was confirmed in the
ascites and plasma of tumor bearing animals in which TP
activity was elevated compared to healthy animals (Pauly
et al, 1978). Although this discovery was disputed by
Woodman (Woodman, 1979), it has been found again in
later studies (Poon et al, 2001; Shimada et al, 2002;
Brostjan et al, 2003). In patients with uterine cervical
cancer it was shown that serum PD-ECGF/TP levels had a
positive correlation with clinical stage and tumor size
(Fujimoto et al, 2000). The prognosis of the patients with
high serum PD-ECGF/TP levels was extremely poor
(Fujimoto et al, 2000). In a group of gastric
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adenocarcinoma patients the serum level was higher than
those of healthy controls (Katayanagi et al, 2003). This
seemed to reflect that the tumor-tissue levels showed an
elevated PD-ECGF/TP expression compared to the healthy
tissue (Katayanagi et al, 2003). In hepatocellular
carcinoma patients serum PD-ECGF/TP was increased in
late stage compared to early stage disease, reflecting
immunohistochemical stainings showing that PD-
ECGF/TP was increased in tumor compared to normal
tissue (Jin-no et al, 1998).

In the sera and synovial fluids of patients suffering
from rheumatoid arthritis PD-ECGF/TP could be detected
at high levels, (Asai et al, 1993). In addition, there was a
significant positive correlation between PD-ECGF/TP
levels in synovial fluid and in serum (Asai et al, 1993).
Other findings suggested that serum PD-ECGF/TP levels
could be used as indicator for synovitis and the efficacy of
surgical treatment (Muro et al, 2001). The elevated PD-
ECGF/TP levels presumably arise through induction of
PD-ECGF/TP in synoviocytes, resulting from aberrant
production of cytokines like TNFa and IL1 (Waguri et al,
1997).

In conclusion, in both cancer and RA tissues elevated
levels of PD-ECGF/TP have been found. This indicates
active angiogenesis, known to play an important role in
the pathology of both diseases (Folkman, 1995; Koch,
2000). The origin of PD-ECGF/TP in the circulation
remains ground for speculation. There are several
possibilities such as shedding from tumor cells and
synoviocytes or active excretion from the producing cells.
Although PD-ECGF/TP lacks a hydrophobic leader
(Ishikawa et al, 1989), other pathways might be in place to
excrete PD-ECGF/TP. These pathways might be similar to
those described for acidic and basic fibroblast growth
factor (Powers et al, 2000). The serine residues of PD-
ECGF/TP can be covalently linked to phosphate groups of
nucleotides, leading to a nucleotidylated protein, a post-
translational process possibly playing a role in the
excretion process (Usuki et al, 1991). There are at least
two tumor cell lines, A341 and MKN74 and cytokine
treated fibroblast-like-synoviocytes that appear to actively
excrete PD-ECGF/TP in the medium (Matsukawa et al,
1996; Waguri et al, 1997). Another less explored
possibility to explain the increased PD-ECGF/TP in sera
and plasma of cancer and RA patients might be the release
of platelet content. It is known that activated platelets
deposit the content of their a-granules on (activated)
endothelium, thereby releasing several angiogenic and
coagulation factors. This can lead to a rise of angiogenic
factors at the site of deposition and subsequently in the
circulation of patients with active angiogenesis (as in
cancer and rheuma patients) (Pinedo et al, 1998). One of
the proteins present in o granules is PD-ECGF/TP. It can
be speculated that the level of PD-ECGF/TP in peripheral
blood mononuclear cells and platelets can be further
elevated through PD-ECGF/TP inducing cytokines.

E. MNGIE

Mitochondrial ~ neurogastrointestinal ~ encephalo
myopathy (MNGIE) is an autosomal, recessive disorder
involving mitochondrial DNA alterations (Bardosi et al,
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1987; Hirano et al, 1994). The onset of the disease is
between the first and fifth decades and is characterized by
ptosis, progressive external opthalmoparesis,
gastrointestinal ~ dysmotility,  cachexia,  peripheral
neuropathy, and leukoencephalopahty. Further analysis of
muscle biopsies showed mitochondrial abnormalities such
as ragged-red fibers and focal cytochrome c¢ oxidase
deficiency sometimes in association with multiple
respiratory chain enzyme defects. The mitochondrial DNA
in the skeletal muscle is partially depleted, has multiple
deletions or both (Nishino et al, 2001). The gene
responsible for the disease proved to be PD-ECGF/TP
(Nishino et al, 1999). Potential gene mutations in PD-
ECGF/TP exons were screened in 35 patients from 21
distinct families, which resulted in the finding of 16
mutations such as missense, splice site, microdeletions and
single nucleotide insertions (Hirano et al, 1998; Nishino et
al, 1999). As a result, these mutations in PD-ECGF/TP are
associated with a severe reduction of the enzyme activity
(Nishino et al, 1999). Heterozygotic activity is between
the normal and the impaired activity, which might be a
reflection of the heterodimer structure of the protein
(Spinazzola et al, 2002). The impairment of the TP-
enzyme activity leads to increased thymidine plasma
levels, up to 60-fold and increased deoxyuridine levels
which is also a substrate for PD-ECGF/TP (Marti et al,
2003). Mitochondrial ANTP pools are more dependent on
the thymidine salvage pathway than de novo synthesis, and
constitutively expressed, mitochondrial thymidine kinase 2
(TK2), converting thymidine to thymidine-monophosphate
(TMP), is a result of this dependency. The conversion to
TMP, TDP and TTP is the only metabolic pathway for
TdR in MNGIE patients. It is hypothesized that due to the
high levels of thymidine, the mitochondrial dNTP pools
are altered and lead to mtDNA depletions and multiple
deletions in these patients (Spinazzola et al, 2002). The
impact of PD-ECGF/TP deficiency on the mitochondrial
dNTP pool and mtDNA is more severe than on the nuclear
pools because: 1) TK2 is constitutively expressed and
cytosolic TK1 is not, 2) mitochondria have physically
separate nucleotide pools and 3) mtDNA constantly
replicates, even in post-mitotic cells.

One important fact is that in MNGIE patients so far
no vascular abnormalities have been identified, suggesting
that absence of TP-activity does not interfere with normal
angiogenesis (Nishino et al, 1999).

I1. Experimental proof of angiogenesis
and possible mechanisms
A. Basic observations

models

After the original discovery of PD-ECGF, the initial
identification of the angiogenic effect was based upon the
incorporation of (*H)-thymidine into endothelial cells
(Miyazono et al, 1987). Subsequently it was discovered
that PD-ECGF was identical to the well known enzyme
from pyrimidine metabolism, TP (Furukawa et al, 1992).
Due to this fact the (*H)-thymidine incorporation studies
need to be viewed in a different light, since the PD-
ECGF/TP converts TdR into thymine (Usuki et al, 1992),

and transfected
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which would prevent its incorporation into DNA. When
PD-ECGF/TP was added to endothelial cells, it increased
the uptake of (*H)-thymidine when added as a pulse. An
explanation for this might be that PD-ECGF/TP depletes
TdR in the medium thereby indirectly decreasing the TdR
concentration in the cells; a subsequent pulse would then
replenish the intracellular pool of TdR with CH)-
thymidine. Increasing concentrations of PD-ECGF/TP led
to a bell shaped curve, TdR depletion is replenished to a
maximum after PD-ECGF/TP breakdown. In the declining
part of the curve the amount of PD-ECGF/TP starts to
breakdown the (*H)-thymidine pulse leaving less for
replenishment and apparent incorporation (Usuki et al,
1992). When PD-ECGF/TP and (*H)-thymidine were
added simultaneously, there was a decrease of (H)-
thymidine incorporation, due to direct breakdown of (*H)-
thymidine by PD-ECGF/TP (Usuki et al, 1992). This
phenomenon of increasing (*H)-thymidine apparent
incorporation, could be found in both dividing human
umbilical cord endothelial cells (HUVECs) and quiescent,
non dividing bovine adrenal capillary endothelial (BACE)
cells, (Moghaddam and Bicknell, 1992). PD-ECGF/TP
might have mediated TdR uptake as a result of the
protein’s intrinsic thymidine phosphorylase activity. It
appears therefore that the original identification of PD-
ECGF/TP as a mitogenic activator of endothelial cell
growth has been based on an erroneous assay since CH)-
thymidine incorporation into DNA does not always reflect
cellular proliferation. There is however one paper which
debates these findings, stating that PD-ECGF/TP reduces
the amount of TdR in the surroundings of endothelial
cells, thereby reducing the inhibitory effect of TdR on EC
growth, thus giving rise to cell growth and to the bell
shaped curve (Finnis et al, 1993). In our experiments using
human umbilical vascular endothelial cells (HUVEC) in
growth assays we found no growth promoting activity of
PD-ECGF/TP, using the MTT assay (Figure 2). Parallel to
the experiments showing possible mitogenic effects of PD-
ECGF/TP other experiments were undertaken to further
clarify the angiogenic effect of PD-ECGF/TP. It was
shown that PD-ECGF/TP had a chemotactic effect on
endothelial cells in vitro, had angiogenic capacity in the
CAM assay and induced more vascularized tumors formed
by NIH3T3 cells in nude mice, compared to its mock-
transfected counterparts (Ishikawa et al, 1989). Another
approach taken to show the angiogenic effect of PD-
ECGF/TP was the use of (gelatine) sponge assays,
whereby the sponges with potential angiogenic
compounds are implanted in a subcutaneous pouch in mice
or rats. After removal the hemoglobin content extracted
from the sponge is a measure of the vascularization. It was
shown that PD-ECGF/TP indeed increased the
hemoglobin content in this assay (Haraguchi et al, 1994;
Moghaddam et al, 1995)which could be inhibited by a
competitive inhibitor, once again indicating the
importance of the enzymatic reaction (Moghaddam et al,
1995). Therefore, despite the fact that the original assay of
(*H)-thymidine incorporation might not have been
interpreted correctly, there is still ample evidence for
angiogenic properties of PD-ECGF/TP.
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Figure 2. Human umbilical
120 - vascular endothelial cells
(HUVECsS), were cultured in the
presence of crude endothelial
cell growth factor (ECGF),
100 - isolated from bovine brain,
which was set at 100 %.
Addition of PD-ECGF/TP with
x 80 1 or with TdR did not result in
) additional growth (De Bruin et
%D al, unpublished data).
s 60 1
O
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40
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Many cell lines have been transfected with PD-
ECGF/TP, either to study the angiogenic effect or to study
its role in fluoropyrimidine sensitivity. The first example
comes from Ishikawa et al, (1989) PD-ECGF/TP provided
NIH3T3 transfected cells with a growth advantage,
resulting in more vascularized tumors. Interestingly, we
observed that wild-type NIH3T3 cells, which have no PD-
ECGF/TP did not form tumors in our experiments.
However, the ras- and trk- transfected variants had high
PD-ECGF/TP and formed well vascularized tumors
(Peters et al, 1993). MCF7, breast cancer cells transfected
with PD-ECGF/TP, also resulted in tumors with enhanced
tumor growth in vivo (Moghaddam et al, 1995).

PD-ECGF/TP transfected human epidermoid cells
grew more rapidly in xenograft experiments than the
parental line which was associated with an elevated MVD.
This effect was not observed when cells were transfected
with mutant PD-ECGF/TP rendering enzymatic inactive
proteins (Nishimoto et al, 1997). Later this model has been
used to study the impact of PD-ECGF/TP on apoptosis
(Matsushita et al, 1999) and suppression of PD-ECGF/TP
mediated growth and angiogenesis by L-deoxyribose (L-
dR) (Kitazono et al, 1998; Uchimiya et al, 2002). RT112
bladder cells transfected with PD-ECGF/TP, showed an
increased invasion capacity in an in vitro bladder invasion
assay (Jones et al, 2002). Further testing of these cells in
xenograft transplants showed that the RT112-TP cells
grew significantly faster than the mock transfected RT112-
EV (Jones et al, 2002). In order to study the impact on
fluoropyrimidine sensitivity, Marchetti et al transfected a
rat colon carcinoma cell line, PROb with PD-ECGF/TP,
which increased its sensitivity to several
fluoropyrimidines. However the effect on tumor growth in
vivo was relatively low and appeared to be confined to the
initial stages of tumor development; staining for the
endothelial cell marker factor VIII was always higher in
transfected cells compared to control cells (Marchetti et al,
2001). Ciccolini et al also reported that LST174 PD-

ECGF + TdR ECGF + TP
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ECGF/TP transfected cells did not grow faster than the
wild-type cells, furthermore there was no increase in
endothelial markers (Ciccolini et al, 2001). This lack of
growth advantage in PD-ECGF/TP transfected mice and
human cells has been reported in previous studies from the
same group (Evrard et al, 1999b; Ciccolini et al, 2000).

In conclusion, in several of the transfected model
systems PD-ECGF/TP does increase tumor growth and
sometimes MVD and the malignant phenotype. However
studies have been published in which the transfer of the
PD-ECGF/TP gene did not have an impact on tumor
growth. Possibly other angiogenic factors or conditions,
not influenced by transfection of PD-ECGF/TP
determined the angiogenic potential and tumor growth in
these model systems.

B. Mechanistic background of the
angiogenic and tumor promoting effect of PD-
ECGF/TP

Most research on PD-ECGF/TP was performed to
show its presence with immunohistochemical stainings;
but there are very few studies on the mechanistic
background. The enzymatic activity seems indispensable
for the angiogenic effect of PD-ECGF/TP. The lack of a
hydrophobic leader sequence and a receptor, makes that it
is not a classical angiogenic factor. Since enzymatic
activity is of importance for the angiogenic activity of PD-
ECGF/TP, the focus of research has been on the products
produced in the enzymatic reaction: thymine, dR-1-P and
deoxyribose (dR), the dephosphorylated product of dR-1-P
(Brown and Bicknell, 1998) and to a lesser extent the
decrease of TdR. Sengupta et al observed that dR and dR-
1-P promoted endothelial tube formation and the
regeneration of an endothelial monolayer in the wound
assay in vitro without stimulating mitogenesis. In vivo, TP
and dR increased vascularization in the sponge assay, in
which the clearance of a radiolabel ('**Xe) was a measure
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for the extent of vascularization of the sponge (Sengupta et
al, 2003). It was shown that PD-ECGF/TP had
chemotactic activity in vitro (Ishikawa et al, 1989). dR
was able to induce migration of bovine aortic endothelial
(BAE) cells similar to PD-ECGF/TP. The results were
repeated in the CAM assay, in which dR and PD-
ECGF/TP could induce development of the vascular
system. Hotchkiss et al, (2003a) found that the production
of dR-1-P and dR explained how PD-ECGF/TP, expressed
by either tumor cells or monocytes mediates endothelial
cell migration. Tumor cells, transfected with PD-
ECGF/TP or monocyte-like cell lines THP1 and U937
naturally expressing PD-ECGF/TP were used. Purified
PD-ECGF/TP can mediate a chemotactic effect in the
endothelial migration assay, for which TdR is required.
This confirmed the necessity of enzymatic activity, since
the effect was abrogated in the absence of substrate. The
importance of enzymatic activity was further strengthened
by inhibition of migration in the presence of an inhibitor
of PD-ECGF/TP. In contrast to Sengupta et al, (2003),
Hotchkiss et al found no effect of PD-ECGF/TP in a
wound assay (Hotchkiss et al, 2003a), in their view
confirming the need of a gradient of dR. It was shown that
dR was 10 times more potent in inducing migration than
dR-1-P, while the combined effect of PD-ECGF/TP plus
TdR was comparable to dR alone. The hypothesis that dR-
1-P needs to be converted to dR before inducing maximal
chemotactic effects, was tested and confirmed by the
addition of an inhibitor of alkaline phosphatase (API),
which attenuated not only the migration induced by dR-1-
P but also by PD-ECGF/TP. The inhibition of PD-
ECGF/TP induced migration by API, while blocking the
dephosphorylation of dR-1-P confirmed that this
conversion to dR was part of the mechanism. Altogether,
the data using cell lines, naturally expressing high PD-
ECGF/TP or by transfection, underlined that migration
was dependent on dR produced by PD-ECGF/TP. These
cell lines released more dR than dR-1-P. dR-1-P is formed
intracellularly and is not able to diffuse to the extracellular
space. Its conversion to dR is likely due to an intracellular
phosphatase resulting in a chemotactic dR concentration
gradient after subsequent extracellular release (Hotchkiss
et al, 2003a). These authors provided the first substantial
evidence that dR-1-P is converted to dR.

The exact mechanism by which dR might exert
chemotactic effects on the endothelial cells is largely
unknown. It has been proposed that a chemotactic gradient
is detected at opposite sides of the cell, followed by
migration through pseudopodal processes. However these
actions are usually mediated through specific receptors,
which have so far not been identified for dR on endothelial
cells (Brown and Bicknell, 1998). Corneal endothelial
cells indeed migrate in the direction of simple sugars
which could be utilized as an energy source(Vogel et al,
1993).

Hotchkiss et al, (2003b) identified the formation of
focal adhesions and the phosphorylation of focal adhesion
kinase (FAK) in HUVECs after both PD-ECGF/TP or dR
stimulation. FAK is a non-receptor protein kinase that is
recruited to focal adhesions by integrin engagement with
the extracellular matrix and plays a central role in
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mediating cell attachment and migration. It was observed
that VEGF, PD-ECGF/TP and dR similarly stimulated the
formation of these focal adhesions and phosphorylation of
FAK in HUVECs. There was however a difference in the
involvement of specific integrins. PD-ECGF/TP migration
was blocked by antibodies against asf3; and o5, whereas
VEGF induced migration seemed to involve only o[
(Hotchkiss et al, 2003b). Seeliger et al describe that dR
activates p70/S6 kinase, this activation could be blocked
with rapamycin, an inhibitor of the molecular target of
rapamycin (mTOR), thereby explaining the blockage of
the pro-angiogenic effect of dR in an endothelial migration
assay and in the rat aortic ring assay (Seeliger et al, 2004).
Malik and Parsons investigated the interaction of integrin
receptors with ECM proteins resulting in the activation of
p70/S6 kinase, it was shown that for this activation there is
at least a partial requirement for FAK (Malik and Parsons,
1996). These two observations together with the finding of
Hotchkiss et al (Hotchkiss et al, 2003b) all implicate that
dR induced signaling is through FAK and p70/S6 kinase.
Furthermore, p70/S6 kinase has been shown to signal
survival and inhibits the pro-apoptotic molecule BAD
(Harada et al, 2001).

At high non-physiological concentrations the
reducing sugar dR can induce apoptosis in peripheral
blood mononuclear cells (Barbieri et al, 1994) and
fibroblasts (Kletsas et al, 1998). This cytotoxic effect was
observed in cycling and in G, arrested cells and could be
reversed by the antioxidant N-acetyl cysteine (NAC)
indicating a role for oxidative stress induced by dR
(Kletsas et al, 1998). One process, which might be
responsible for the induction of cell death, involves the
high reducing capability of dR and dR-1-P. Reducing
sugars are involved in non-enzymatic glycosylation of
proteins: the so called Maillard reaction (Monnier, 1990).
The Maillard reaction leads to the formation of specific
protein adducts, known as advanced glycosylation end
products (AGEs). The reaction is initiated by non-
enzymatic condensation of a reducing sugar with an
amine, occurring preferentially on lysine and arginine
groups or N-terminal groups. The reactivity of the sugars
is a function of the anomerization rate of the sugar,
meaning the larger the percentage of a given sugar in the
open chain form, the more reactive (Bunn and Higgins,
1981). The reaction rate is inversely proportional to the
number of carbon atoms in the sugar, being lowest for
hexoses and highest for trioses, like glyceraldehyde.
Furthermore phosphorylated sugars are much more
reactive than their non-phosphorylated counterparts
(Monnier, 1990) After the condensation Schiff base
adducts and Amadori products are formed. These unstable
intermediates react via a series of non-enzymatic reactions
to form AGEs. During these reactions, specifically in the
transition metal-catalyzed autooxidation, free radicals are
produced (Monnier, 1990) (Bierhaus et al, 1998). AGE
formation plays a role in aging processes and diabetes
related pathologies; this role appears to have two aspects:
alterations of proteins due to glycosylation and induction
of reactive oxygen species (ROS) (Baynes, 2001).

Brown et al, (2000) postulated that the Maillard
reaction could be the biological activity which might
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underlie the angiogenic effect of PD-ECGF/TP. They also
suggested that the angiogenic effect of PD-ECGF/TP,
which was increased in a PD-ECGF/TP overexpressing
bladder tumor cell line RT112, might be related to an
increase of interleukin-8 (IL-8), vascular endothelial
growth factor (VEGF) and matrix metalloproteinase 1
(MMP1) production after addition of TdR. A specific
thymidine phosphorylase inhibitor (TPI) (Fukushima et al,
2000) and thymine inhibited this effect, both through
abrogation of the enzymatic reaction (thymine by shifting
the balance of the reaction). PD-ECGF/TP mediated TdR
breakdown was associated with induction of ROS, since
the expression of the oxidative stress marker heme
oxygenase-I (HO-I) increased in transfected cells after
incubation with TdR. This induction could be inhibited by
N-acetyl cysteine (NAC), substantiating the evidence for
ROS formation (Brown et al, 2000). It was hypothesized
that dR, dR-1-P and dR-5-P, which potentially can be
formed from dR-1-P through the action of
phosphoribomutase (E.C. 5.4.2.7) react in the Maillard
reaction (Monnier, 1990), thereby inducing ROS, leading
to the upregulation of the described angiogenic factors
(Brown et al, 2000). This is a novel finding that PD-
ECGF/TP indirectly induces angiogenesis, without a direct
interaction between products or substrates of the
enzymatic reaction and endothelial cells. Nakajima et al
found similar results showing that PD-ECGF/TP
transfected KB epidermoid tumor cells, excreted IL-8 and
VEGF in higher quantities (Nakajima et al, 2004). In
human malignant melanoma it was found that there was an
apparent co-expression of PD-ECGF/TP and HO-I in
infiltrating macrophages (Torisu-Itakura et al, 2000),
supporting the ROS hypothesis.

These hypotheses on the link between TP-activity
and angiogenesis are based on the formation of dR-1-P
and further metabolism, in most cases to dR. Although all
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papers concerning the angiogenic effect of PD-ECGF/TP
mention the formation of dR from dR-1-P as a fact,
evidence offering proof for this is scarce, and needs more
exploration. Little is known of the cellular metabolism of
dR-1-P. It can either be dephosphorylated to dR and leave
the cell, or isomerized by phosphoribomutase to dR-5-P
which can enter glycolytic metabolism. Anand and Anand
question the fate of dR-1-P, mentioning the lack of
knowledge about the metabolic pathways responsible for
dR-1-P breakdown and conversion(Anand and Anand,
2000).

Previous studies did not actually evaluate dR-1-P
accumulation and disappearance after TdR exposure. De
Bruin et al, (2003) studied the generation of dR-1-P and its
accumulation after incubation with TdR in an intact colon
cancer cell line and its PD-ECGF/TP transfected variant.
Thymine production was measured in the medium
providing an accurate estimate of the minimal amount of
dR-1-P produced inside the cells. Subsequent analysis of
cellular dR-1-P content showed that less than 1% of the
estimated dR-1-P was detected, indicating that there was a
very rapid disappearance of dR-1-P. This was confirmed
in cellular extracts when dR-1-P was added directly and
incubated and the majority of dR-1-P disappeared within
10 minutes (De Bruin et al, 2003a). In order to obtain
insight to where the dR-1-P is disappearing deoxyribose or
dR-5-P were added to influence the dephosphorylation or
conversion into dR-5-P, respectively. Deoxyribose did not
influence the disappearance whereas dR-5-P resulted in an
initial increase followed by a decrease (Figure 3) (De
Bruin et al, 2004). This disappearance could be decrease
by dR-5-P and not by deoxyribose indicating that dR-1-P
is converted to dR-5-P and is then on route to be
metabolised in the glycolysis or pentose phosphate
pathway.

Figure 3. The effect of 5000 pmol
dR or dR-5-P on the flux of 500
pmol dR-1-P in Colo320TP1 cell
lysates. To all incubations 10 uM
TPI was added to prevent
formation of TdR. dR-1-P rapidly
disappears in time, however dR-5-
P is able to slow down this
process. After an initial rise,
indicating that isomerization by
phosphopentomutase is an
equilibrium reaction, dR-1-P also
disappears here.

Flux time (minutes)
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This indicates that there must be a rapid metabolism
of dR-1-P since dR-1-P is unable to cross the cell
membrane. There are at least two possibilities, it is either
dephosphorylated to dR which subsequently is able to
cross the membrane into the medium, or dR-1-P is
isomerized to dR-5-P by phosphopentomutase (E.C.
5.4.2.7) and then split into glyceraldehyde-3-phosphate
(G3P) plus acetaldehyde by deoxyriboaldolase (E.C.
4.1.2.4) (Sgarrella et al, 1997; Carta et al, 2001) (Figure
4). G3P can then enter the glycolytic pathway to yield
ATP. This pathway has been described for bacteria, e.g.
Bacillus cereus (Sgarrella et al, 1992) but has not yet been
fully confirmed in eukaryotic cells although the enzymatic
activity needed for this pathway was identified in amniotic
WISH cells (Carta et al, 2001). dR-1-P may enter the
glycolytic pathway thus providing energy to the cell. PD-
ECGF/TP therefore could be able to contribute to the
maintenance of adequate levels of ATP in the cell by
releasing the dR-1-P moiety from thymidine. The
angiogenic effects of PD-ECGF/TP and the metabolite dR-
1-P may have to be (re)viewed in the light of these
possible pathways, and the speed with which dR-1-P
fluxes through these cells and potentially affects oxidative
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and energy status. If dR-1-P enters the glycolytic pathway,
it will not leave the cell as the chemotactic dR. The
question that remains is can the deoxyribose moiety be
used for energy generation and result in a pro-angiogenic
action? Furthermore, this question can be reevaluated for
each cell type that is known to overexpress PD-ECGF/TP,
e.g. macrophages, stromal and tumor cells. It is possible
that the overload of rerouting into the glycolysis leads to
down-stream metabolite accumulation, making dR-1-P
and G3P available for Maillard reactions.

Thus, several pathways could be potentially
responsible for the disappearance of dR-1-P: 1)
dephosphorylation and excretion from the cell, 2) routing
into the glycolytic pathway, in the form of dR-5-P and
G3P and 3) formation of AGE plus induction of reactive
oxygen species (ROS) (Figure 4).

In conclusion, the pro-angiogenic effect of PD-
ECGF/TP has been suggested to be associated with the
formation of dR. The product produced in the enzymatic
reaction of PD-ECGF/TP however is dR-1-P, and its
dephosphorylation and the rate at which this occurs is
largely ignored within the field.
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Figure 4. Possible pathways that can be followed by dR-1-P when it is converted or broken down. All the potential products could play a
role in the pro-angiogenic capacity of PD-ECGF/TP. Routing into the glycolysis or pentose phosphate pathway contributes to the cellular
energy demand, while all products might be involved in generation of reactive oxygen species through the formation of advanced
glycosyslation endproducts (AGEs) thereby indirectly upregulating secondary pro-angiogenic factors. Finally dR can diffuse out of the
cell and have a direct interaction and influence on endothelial cells.
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C. The Influence of PD-ECGF/TP on
apoptosis and the effect of L-deoxyribose on
angiogenesis and apoptosis

Takebayashi et al, (1996a) found PD-ECGF/TP to be
an independent poor prognostic factor. Similarly
Moghaddam et al, (1995) reported an increase in growth
of breast carcinomas expressing PD-ECGF/TP, but
without an increase of MVD. These results were the
reason for Matsuura et al, (1999) to investigate whether
PD-ECGF/TP might possess other functions than inducing
angiogenesis, which might contribute to an adverse
disease outcome. They examined the role of PD-ECGF/TP
in apoptotic cell death, tumor cell proliferation and
regulation of p53 in colorectal carcinomas. In vivo PD-
ECGF/TP expression increased MVD and reduced
apoptotic cell death, regardless of p53 expression and
tumor stage (Matsuura et al, 1999). Possibly apoptosis is
reduced in well vascularized tumors. Similar results were
reported in gastric and esophageal cancers, where PD-
ECGF/TP was associated with MVD increase and
decrease in apoptosis (Osaki et al, 2000; Ikeguchi et al,
2001a,b; Okamoto et al, 2001). However, there was no
correlation between the apoptotic index and PD-ECGF/TP
expression in cervical cancer (Fujiwaki et al, 1999a).

A relation between PD-ECGF/TP and hypoxia-
induced apoptosis was found in the human epidermoid
carcinoma KB cells. A PD-ECGF/TP transfected and non-
transfected variant of the KB cells were used. Both had
similar growth rates under normoxic conditions but there
was growth advantage for the KB/TP cells under hypoxic
conditions (Kitazono et al, 1998). This advantage
disappeared when the highly specific thymidine
phosphorylase inhibitor (TPI) (Fukushima et al, 2000) was
added. The cells transfected with PD-ECGF/TP were
resistant to hypoxia induced apoptosis. The abrogation of
this protective effect through inhibition of the enzymatic
activity with TPI and the fact that metabolites of the TP
reaction, thymine and deoxyribose (dR), could mimic the
protective effect in mock-transfected KB/CV cells,
indicates that enzymatically active PD-ECGF/TP confers
this resistance (Kitazono et al, 1998). Besides hypoxia
induced apoptosis, PD-ECGF/TP transfected Jurkat cells
were protected against cisplatin induced apoptosis,
however here the enzymatically inactive mutant PD-
ECGF/TP conferred the same effect (Ikeda et al, 2003).

A potential molecular mechanism for the inhibition
of apoptosis by dR, described by Ikeda et al, (2002) was
the suppression of pro-apoptotic events and proteins, like
down-regulation of cytochrome C release, decreasing the
activity of caspases 3, 8 and 9 and prevention of the down-
regulation of the anti-apoptotic proteins Bcl-2 and Bel-X|,
after hypoxic stimulation. Furthermore it was shown that
dR substantially suppressed the induction of hypoxia
inducible factor 1-a (HIF-1-a), which might be another
part of the anti-apoptotic effect dR. It appeared that dR
enhanced the ubiquination of HIF-1-a, which regulates the
levels of this protein, which is downregulated under
hypoxic conditions (Ikeda et al, 2002). In contradiction
with this finding is the observation that protection
conferred by PD-ECGF/TP to FAS induced apoptosis
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seems to be independent of the enzymatic activity (Mori et
al, 2002).

The KB/CV and its PD-ECGF/TP transfected
counterpart KB/TP epidermoid cancer cells have been
used extensively to study the role of PD-ECGF/TP in
tumor biology (Matsushita et al, 1999). This model system
in combination with TPI (Fukushima et al, 2000) has
shown that PD-ECGF/TP is involved in increased tumor
growth, increased angiogenesis, and decreased apoptosis
(Matsushita et al, 1999). Furthermore, it was shown that
TPI suppressed the development of liver metastases of
KB/TP cells injected in the spleen (Takao et al, 2000). The
properties of KB/TP cells, the potential angiogenic
mechanisms through the metabolites of the TP reaction
and the finding that dR protected against hypoxia induced
apoptosis have prompted the investigation of the effect of
L-dR on KB/TP cells. L-dR could counteract the effect of
PD-ECGF/TP transfection in the KB cells and induced a
decrease of tumor growth in xenografted mice and an
increased apoptotic index in vivo. L-dR suppressed both
dR induced endothelial cell chemotaxis and tube formation
in vitro (Uchimiya et al, 2002). L-dR was also able to
eliminate the inhibitory effect of dR on hypoxia induced
apoptosis (Kitazono et al, 1998). In follow-up research
using the KB/TP model system it was shown that L-dR
was able to reduce the enhanced metastatic capacity of the
transfected cells, lowering the number of metastatic
nodules. The vascular area of the metastatic nodules was
lower after treatment with L-dR and PD-ECGF/TP
mediated resistance to apoptosis was also counteracted by
L-dR (Nakajima et al, 2004). In vitro the invasive activity
of KB/TP cells was only higher under hypoxic conditions.
This might be indicative for an energetic advantage if dR-
1-P is shuttled into the glycolytic pathway. Similar to the
cells described by Brown et al (Brown et al, 2000), the
KB/TP cells had increased levels of IL-8 and VEGF in
their conditioned medium. L-dR was able to reduce the
excretion of these two angiogenic factors (Nakajima et al,
2004). L-dR seems to counteract the effects of PD-
ECGF/TP overexpression, possibly, by interfering with the
effects induced by dR, blockage of chemotaxis or
preventing dR to enter the glycolysis. The authors suggest
that L-dR might be a useful anti-metastatic agent for

tumors overexpressing PD-ECGF/TP, thereby also
interfering with the pro-angiogenic effect of PD-
ECGF/TP.

III. Role of PD-ECGF/TP in

fluoropyrimidine sensitivity

Besides its angiogenic action, the enzymatic activity
of PD-ECGF/TP plays a role in fluoropyrimidine
sensitivity, being able to activate 5-fluorouracil (5-FU)
and 5’-deoxyfluorouridine (5’DFUR, doxifluridine,
furtulon) (Ackland and Peters, 1999). The antimetabolite
S5FU was introduced in 1957 by Heidelberger et al
(Heidelberger et al, 1957) and is still used for the
treatment of a wide range of solid tumors alone, but
usually in combination with other chemotherapeutic
agents. Solid tumors treated with SFU include breast,
colorectal, head and neck and cervical carcinomas (Pinedo
and Peters, 1988). It is the most widely prescribed agent
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for colorectal cancer. The major targets of SFU are 1)
thymidylate synthase (TS), which is inhibited by
metabolized SFU, and 2) DNA and 3) RNA incorporation.

With some exceptions, high expression of PD-
ECGF/TP was correlated with an unfavorable outcome.
However, in several studies it was found that increased
PD-ECGF/TP expression was related with a better
outcome of treatment. Adjuvant treatment of PD-
ECGF/TP expressing, node positive breast carcinomas
with cyclophosphamide, methotrexate and 5FU (CMF)
had a significant survival benefit compared to PD-
ECGF/TP negative tumors (Fox et al, 1997;Gasparini et al,
1999;Yang et al, 2002). A possible explanation might be
that the effect of methotrexate is enhanced due to PD-
ECGF/TP mediated TdR breakdown. Patterson et al,
(1995, 1998) indeed described that high TP can moderate
thymidine dependent rescue of TS inhibited cells. This of
course depends on the intracellular TdR concentration.

Depletion of TdR increases dependency on the salvage of
TdR, which in turn is lowered by high PD-ECGF/TP.

Metzger et al, (1998) and Salonga et al, (2000) found
that patients expressing high PD-ECGF/TP mRNA had a
worse prognosis. This effect might be attributed to the
(potential) angiogenic effect of PD-ECGF/TP.

PD-ECGF/TP has a broad substrate specificity. The
structures of  several  fluoropyrimidines, natural
deoxynucleosides, and the thymidine phosphorylase
inhibitor are shown in Figure 5. The potential actions of
PD-ECGF/TP in the metabolism of various
fluoropyrimidines are depicted in Figure 6. TP activates
5’DFUR to 5FU by cleaving off the 5-deoxyribose moiety,
while TP can theoretically activate SFU by addition of dR-
1-P to 5-fluoro-2’-deoxyuridine; a precursor of FAUMP,
providing enough dR-1-P is present. FAUMP inhibits TS,
responsible for de novo thymidylate synthesis.
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Figure 5. Structures of the natural deoxyynucleoside thymidine, the base thymine, deoxyribose-1-phosphate moiety, thymidine
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PD-ECGF/TP may play a more important role when
an additional source of dR-1-P is provided as co-substrate
for the activation reaction (Peters et al, 1987). In previous
studies (Patterson et al, 1995; Kato et al, 1997; Evrard et
al, 1999a, b; Marchetti et al, 2001) the effect of TP on SFU
and S5'DFUR was demonstrated. For instance PD-
ECGF/TP transfected MCF7 cells had an increased
sensitivity of 165-fold to 5’DFUR (Patterson et al, 1995),
PC9 transfected cells 153-fold (Kato et al, 1997), and
PROD transfected cells 10-fold (Marchetti et al, 2001). In
most of these studies, there was also increased sensitivity
to SFU but always lower than that for SDFUR. Other
studies report that after transfection with PD-ECGF/TP the
sensitivity increase for SFU was higher than that of
5'DFUR (Evrard et al, 1999a, b), which is possibly due to
an increased availability of dR-1-P in these cells,
necessary for activation of SFU by PD-ECGF/TP. Increase
in dR-1-P availability in cells greatly enhances SFU
sensitivity mediated by TP (Peters et al, 1987; Schwartz et
al, 1994; Ciccolini et al, 2001). This different role of PD-
ECGF/TP in 5FU and 5'DFUR cytotoxicity is due to the
fact that S’DFUR is a prodrug of SFU and needs an extra
activation step. Activation of 5’DFUR can only occur
through its conversion to SFU, but three different
pathways can mediate that of SFU. Other activation
pathways such as uridine phosphorylase (UP) and
particularly orotate phosphoribosyltransferase (OPRT)
(Peters et al, 1989) seem to be much more important.
Thereafter the drugs might exert a similar mechanism of
action.

A. Oral fluoropyrimidines: UFT, S1 and

capecitabine
S5FU is a relatively active anticancer agent, but has
some disadvantages. It is a relatively non-toxic drug,
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causing some myelosuppression and gastrointestinal
toxicity. Oral 5SFU was abandoned decades ago because of
irregular absorption, caused, among other things, by the
variable levels of dihydropyrimidine dehydrogenase
(DPD) the enzyme responsible for SFU breakdown. SFU is
usually administered to the patient via bolus injection or
continuous intravenous (i.v.) administration, the latter
being a labor intensive approach, often requiring
hospitalization of the patient, and resulting in considerable
risk of venous thrombosis or infection around the catheters
(Malet-Martino and Martino, 2002; Hoff et al, 2001). For
these reasons new oral fluoropyrimidine formulations have
been developed, to replace continuous infusions.

These have improved safety and retain at least equal
efficacy compared with continuous infusions, improving
the quality of life by reducing the stress of hospitalization
since it can be taken at home and providing the patient
with a certain freedom (Venturini, 2002). Liu and
colleagues showed in 1997 that patients preferred oral
chemotherapy but regardless of the route of
administration, patients were unwilling to accept a lower
response rate and/or a shorter duration of response.
However, when a similar efficacy is expected, it was
specifically shown that patients preferred oral
fluoropyrimidines compared to the Mayo scheme of i.v.
administered SFU/LV (Borner et al, 2002).

Over the years, attempts have been made to produce more
effective fluoropyrimidines suitable for oral
administration. Ftorafur (Ft; 1-(2-tetrahydrofuryl)-5-
fluorouracil, Tegafur or Futraful) is a second-generation
oral fluoropyrimidine, 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 DPD which prevents SFU’s breakdown by
competition. This was designed to produce a constant
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reserve of SFU and to minimize the production of inactive
products (Fujii et al, 1979; Hoff, 2000; Kohne and Peters,
2000; Malet-Martino and Martino, 2002). S1, its successor
follows a different strategy (Shirasaka et al, 1996). 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 SFU 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 (Tatsumi et al, 1987). OXO is
added to limit the gastrointestinal toxicity of Ft. This toxic
effect is the result of phosphoribosylation of 5FU to 5-
FUMP by OPRT. OXO accumulates specifically in normal
gastrointestinal tissues compared to tumors (Shirasaka et
al, 1993; Yoshisue et al, 2000), preventing activation of
5FU in normal mucosa but not in the tumor.

A third rationally designed prodrug of S5FU is
capecitabine (Xeloda). Capecitabine was developed to
circumvent the toxicity of 5S’DFUR, which was converted
to SFU by PD-ECGF/TP. Capecitabine is an oral
fluoropyrimidine carbamate that is converted to SFU in
three steps. The first step is catalyzed by carboxyl esterase
located almost exclusively in the liver, the second step by
cytidine deaminase expressed in the liver and various
types of tumors and the last by PD-ECGF/TP (Figure 7)
which is higher in tumors than in normal tissues thus
ensuring an enhanced efficacy (Miwa et al, 1998). The
design of capecitabine potentially had two advantages:
enhanced activation at the tumor site and a decrease of
drug concentration in the healthy tissue thereby decreasing
systemic toxicity. Xenograft models were used to
demonstrate the antitumor effect of capecitabine (Ishikawa
et al, 1998a). Furthermore, it was shown that in tumor
bearing mice the tumor concentrations of SFU were
considerably (114-209 fold) higher than in plasma
(Ishikawa et al, 1998b). These results have been confirmed
in a clinical trial, where it was shown that SFU was on
average 3.2 times higher in tumor-tissue than in adjacent
non-tumor tissue and that SFU concentration in tumor
tissue was 21 times higher than in plasma (Schuller et al,
2000). In two phase III trials capecitabine proved to be at
least equivalent to the standard SFU/leucovorin treatment
(Van Cutsem et al, 2000, 2001; Hoff et al, 2001). The dose
limiting toxicities however 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 SFU/LV standard, and it
provides considerable benefits to the well being of the
patient, it has become one of the most widely prescribed
oral anti-cancer drugs.

B. Trifluorothymidine plus thymidine

phosphorylase inhibitor; TAS-102
Trifluorothymidine (TFT) was synthesized in the
early 1960s by Heidelberger et al (Heidelberger and
Anderson, 1964; Heidelberger et al, 1964). TFT has
previously been used in antiviral therapy and has been
evaluated for cancer therapy as a single agent or in
combination (Ansfield and Ramirez, 1971; Dexter et al,

112

1972; Warrell, Jr. et al, 1979). Although TFT had
antitumor effects, the development was discontinued due
to side effects and rapid degradation of TFT to
trifluorothymine by PD-ECGF/TP. The mechanism of
action is through inhibition of TS (Santi and Sakai,
1971;Eckstein et al, 1994) and via incorporation into the
DNA (Fujiwara et al, 1970; Emura et al, 2004b; Temmink
et al, 2005). TFT has shown efficacy in 5FU resistant
tumor cell lines, bypassing the resistance mechanisms of
these cells (Fukushima et al, 2000; Murakami et al, 2000).
The inactivation of TFT can be prevented by combining it
with a specific thymidine phosphorylase inhibitor (TPI, 5-
chloro-6-(1-(2-iminopyrrolidinyl) methyl)-2,4(1H,3H)-
pyrimidinedione hydrochloride) which increased the
bioavailability (Fukushima et al, 2000; Takao et al, 2000),
allowing further development of TFT in this combination
as an oral fluoropyrimidine. This combination of TFT and
TPI in the molar ratio 1: 0.5, called TAS-102, can be
administered orally, and is currently tested in phase I trials
(Thomas et al, 2002). Orally administered TAS-102
prevents systemic degradation of TFT resulting in
increased plasma levels compared to TFT alone
(Fukushima et al, 2000). Another advantage of this
combination is that the inhibition of PD-ECGF/TP can
also decrease the angiogenic potential of PD-ECGF/TP.
There was no effect of TPI on TFT sensitivity (De Bruin et
al, 2003b) on a cellular level, not even in highly TP
overexpressing cells, which was unexpected because it has
been demonstrated that TFT is a good substrate for TP
(Fukushima et al, 2000). Possibly activation of TFT by
thymidine kinase (TK) is very efficient, preventing
inactivation by TP. Emura et al (Emura et al, 2004a) found
that the in vivo response of several tumor types was
independent of TP, but, the ratio of TK / TP significantly
correlated with tumor growth inhibition. This suggested
that the balance of the relationship of activation and
degradation, TP/TK affected the antitumor effect of TAS-
102.

of

C. Diverse roles

phosphorylase

Compared with 5’DFUR, the role of PD-ECGF/TP
differs for SFU because a role as activator is dependent on
the availability of the co-substrate dR-1-P. For the 5FU
prodrug Ft, present in the combinations UFT and S1 there
is no direct role for PD-ECGF/TP. Although it has been
postulated that Ft might be activated by PD-ECGF/TP
(Sugata et al, 1986), recent studies show that the activation
of Ft is mediated by cytochrome P450 enzymes (Komatsu
et al, 2000) which have a considerable but variable
expression in colon cancer cell lines (Yu et al, 2001). In
addition, Ft cytotoxicity was not affected by TPI or
increased in cells with high TP (De Bruin et al, 2003b).
The oral prodrug capecitabine has been specifically
designed to utilize the commonly found overexpression of
PD-ECGF/TP at the tumor site, ensuring specific
accumulation of SFU in tumor tissue. An indirect effect on
the sensitivity of the different fluoropyrimidines could
arise from PD-ECGF/TP through a decrease of the TdR
pools in the tumor environment, limiting thymidine
salvage.

thymidine
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Summarized, PD-ECGF/TP can have a dual role in
the tumor. Its angiogenic activity promotes tumor growth
and progression providing a target for intervention via
inhibition of PD-ECGF/TP, e.g. by TPI. The other role is
the utilization of the overexpression of PD-ECGF/TP in
order to activate fluoropyrimidine prodrugs (Focher and
Spadari, 2001; Marchetti et al, 2001).

IV. Pyrimidine phosphorylases;
Thymidine phosphorylase and Uridine
phosphorylase

Of note, besides PD-ECGF/TP there is a closely
related pyrimidine phosphorylase active in human tumors:
uridine phosphorylase (UP, EC 2.4.2.3) (Pizzorno et al,
2002). Since both TP and UP have broad and sometimes
overlapping substrate specificity depending on the tissue
in which they are measured, it can be difficult to
distinguish between them. Two specific inhibitors TPI for
PD-ECGF/TP  and  5-benzylacyclouridine  (BAU)
(Niedzwicki et al, 1982) for UP, can be used as tools when
the phosphorylase activity in cells or tissues is measured.
Furthermore there are also interspecies differences, which
might limit the use of certain model systems. ElI-Kouni et
al, (1993) described that specificity of TP and UP for
substrates varied between two different organs and cancers
from mouse and humans. Using UP knockout embryonic
stem (ES) cells, Cao et al found a 10-fold increase in ICs,
for SFU compared to normal ES cells. Furthermore there
was a 16-fold increase in the IC50s for 5’DFUR (Cao et
al, 2002). This is indicative for a role for UP in (oral)
fluoropyrimidines and is in contrast to the finding that
transfection of MCF7 cells with the UP gene did not
influence the effect of SFU or S'DFUR (Cuq et al, 2001).

of
(Bio)modulation

PD-ECGF/TP
of

V. Regulation
expression and

fluoropyrimidines

The PD-ECGF/TP promoter does not contain
‘TATA’ or ‘CCAAT’ boxes, sequences recognized by
RNA polymerase II, prevalent in most eukaryotic genes
(Hagiwara et al, 1991). The exact mechanism of regulation
of PD-ECGF/TP gene expression is yet unknown,
however the promoter contains six to nine Spl
transcription factor binding sites (i.e. GC-box) postulated
to contribute to both basal and inducible expression
(Hagiwara et al, 1991; Zhu et al, 2002).

PD-ECGF/TP can be upregulated by cytokines such
as tumor necrosis factor-a (TNF-a), IL-1, interferon-y
(IFN-y) (Eda et al, 1993) and IFN-a (Schwartz et al, 1992;
Tevaearai et al, 1992; Makower and Wadler, 1999; Morita
and Tokue, 1999). Other identified transcription binding
sites in the PD-ECGF/TP promoter are an interferon
stimulated response element (ISRE) (Schwartz et al, 1998)
and a y activated sequence (GAS) (Goto et al, 2001). The
ISRE and GAS are sequences through which interferon
(IFN)-mediated signaling acts. IFN-a, p and y act via the
signal transducer and activator of transcription (STAT)
family of transcription factors. IFN-a and § phosphorylate
STAT1 and 3, which with a third cytoplasmic protein
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forms an activated transcription complex. IFN y results in
STAT 1 phosphorylation and homodimerization (Borden,
1998). The activated STAT transcription factors can then
bind to their consensus sequences in the DNA to activate
transcription.

Furthermore, various chemotherapeutic agents
including taxanes, cyclophosphamide and mitomycin C
(Sawada et al, 1998), and X-ray radiation (Sawada et al,
1999) can upregulate PD-ECGF/TP. The latter two may
induce PD-ECGF/TP indirectly via upregulation of TNF-a
or IFN-y (Blanquicett et al, 2002). Fukushima et al
investigated PD-ECGF/TP upregulation due to IFN-a and
paclitaxel in vitro and in vivo. Cell lines with high PD-
ECGF/TP mostly had high STATI1 levels and PD-
ECGF/TP and could no longer be induced by IFN-a,
whereas low PD-ECGF/TP expressing cell lines in which
expression could be induced, had low inducible STAT]I.
Furthermore in clinically resected tumors PD-ECGF/TP
and STATI1 were measured simultaneously and almost all
tumors had high expression of both PD-ECGF/TP and
STATI1 (Fukushima et al, 2002).

There is also a role for NFkB. Although, no direct
involvement of NFkB has been shown in relation to PD-
ECGF/TP expression, Zhu and Schwartz, (2003) recently
suggested that NFkB and TNFRII may be involved in the
regulation of PD-ECGF/TP gene expression. We found
that monocytic cells exposed to a NFxB inhibitor,
sulfasalazine, had an altered pathway and a marked
downregulation of TNFRII, confirming the finding of Zhu
et al in a different system.

Microenvironmental conditions, such as hypoxia and
low pH can also upregulate PD-ECGF/TP expression
possibly explaining the preferential presence around
necrotic areas (Griffiths et al, 1997; Griffiths and
Stratford, 1998). Others have shown increased PD-
ECGF/TP expression at the infiltrating tumor edge (Maeda
et al, 1996).

Since it has been shown, in numerous transfection
studies, that PD-ECGF/TP enhanced the efficacy of at
least 5’DFUR (and thus of capecitabine), PD-ECGF/TP is
used as a target to modulate fluoropyrimidine sensitivity
(Morita et al, 2001). Xenograft models of human breast
and colon cancers exposed to paclitaxel, docetaxel,
mitomycin C or cyclophosphamide showed increased PD-
ECGF/TP concentrations. In combination therapy, taxol,
docetaxel and X-ray radiation with capecitabine or
5’DFUR were more effective than either alone (Sawada et
al, 1998, 1999). Similar results were found by Endo et al,
(1999) who found that cyclophosphamide preferentially
upregulated pyrimidine phosphorylase activity (PyNPase)
in the human tumor, whereas no change was detected in
several other tissues of the tumor bearing and treated
mouse. This upregulation of pyrimidine phosphorylase
(PyNPase) resulted in a synergistic effect between
cyclophosphamide and 5’DFUR or capecitabine, without
enhancement of toxicity (Endo et al, 1999). Attempts to
enhance the effects of 5’DFUR and capecitabine by
specifically upregulating PD-ECGF/TP is a
straightforward approach. However the results of the
attempts to influence SFU are less clear. SFU has been
combined with IFNs in order to increase its efficacy,
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resulting in abrogation of 5FU associated TS increase,
augmentation of SFU plasma levels and increased SFU
induced DNA damage (Schwartz et al, 1992;Makower and
Wadler, 1999;van der Wilt et al, 1997;Horowitz et al,
1995). Although initially the response rates appeared to be
higher when 5FU was combined with IFN-a, randomized
trials showed that the survival was equivalent, with in
some instances an increased toxicity when IFN was added
(Kemeny and Younes, 1992; Atzpodien et al, 1994; Greco
et al, 1996; Labianca et al, 1996; Makower and Wadler,
1999).

VI. Conclusion

There are many data indicating a role for PD-
ECGF/TP in  (tumor) angiogenesis. = Numerous
immunohistological studies showed correlation between
MVD and PD-ECGF/TP expression. Furthermore PD-
ECGF/TP is often an independent marker for poor
prognosis. The investigations focusing on the mechanism
of the angiogenic effect of PD-ECGF/TP are far less in
number. The main focus of research has been the
enzymatic reaction catalyzed by PD-ECGF/TP and more
specifically the products from the reaction. dR appears to
play a key role in the pro-angiogenic and anti-apoptotic
effects. However, the route and mechanism of this
metabolite remain partly unknown. So far Induction of
endothelial cell migration, enhanced metastasis and
migration of cancer cells and induction of other
angiogenic factors appears to play a role. The fact that L-
dR can counteract most effects of dR and PD-ECGF/TP is
reasonable proof that dR is responsible for the effects.
Although PD-ECGF/TP cleaves TdR to thymine and dR-
1-P, not much is known of the elimination of dR-1-P or
generation of dR from dR-1-P. So further research
upstream of dR is warranted.

Besides this apparent role in tumor progression PD-
ECGF/TP is also a key player in fluoropyrimidine
sensitivity. It proved to be able to generate SFU from
5’DFUR, a feature used as strategy in the development of
capecitabine. The application of capecitabine has proven
that specific activation by PD-ECGF/TP is feasible and
effective. Furthermore, it is capable of breaking down TFT
into an inactive form. In the drug combination TAS-102
(TFT plus TPI), TFT is protected from breakdown by the
inhibitor. A combination with a PD-ECGF/TP inhibitor is
very appealing. TPI has been shown to inhibit some of the
pro-angiogenic and anti-apoptotic features of PD-
ECGF/TP.

Other articles describe L-dR as good candidate for
combination with fluoropyrimidines, still being able to
take advantage of the high PD-ECGF/TP levels in tumors
but inhibiting the pro-tumor effects down-stream of the
PD-ECGF/TP reaction.

PD-ECGF/TP is an enzyme with two faces in tumor
development and treatment. It promotes tumor growth in
various manners, but due to its up-regulation, it can also
be utilized as a target for drug modulation.
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