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ABSTRACT 

 

Platelet-derived endothelial cell growth-factor (PD-ECGF) is similar to the pyrimidine 

enzyme thymidine phosphorylase (TP). A high TP expression at tumor sites is correlated 

with tumor growth, induction of angiogenesis, and metastasis. Therefore high TP is most 

likely associated with a poor prognosis. TP is not only expressed in tumor cells but also in 

tumor surrounding tissues, such as tumor infiltrating macrophages. TP catalyzes the 

conversion of thymidine to thymine and doxyribose-1-phosphate (dR-1-P). The latter in its 

parent form or in its sugar form, deoxyribose (dR) may play a role in the induction of 

angiogenesis. It may modulate cellular energy metabolism or be a substrate in a chemical 

reaction generating reactive oxygen species. L-deoxyribose (L-dR) and thymidine 

phosphorylase inhibitor (TPI) can reverse these effects. The mechanism of TP induction is 

not yet completely clear, but TNF, IL10 and other cytokines have clearly shown to induce its 

expression. The various complex interactions of TP give it an essential role in cellular 

functioning and hence it is an ideal target in cancer therapy. 

 

 

INTRODUCTION 

 

The platelet derived endothelial cell growth factor (PD-ECGF) is identical to the enzyme 

thymidine phosphorylase (TP) and participates in many pathological and non-pathological 

processes. TP is upregulated in many tumor types, and this upregulation has been related to 

a poor prognosis (reviewed by Takebayashi)1. High TP expression at tumor-sites has been 

correlated to higher microvessel density (MVD), increased angiogenesis and increased 

metastasis2,3. TP expression at tumor sites is not only due to expression in tumor cells, but 

TP can also be expressed in tumor stroma, including infiltrating macrophages. Besides 

cancer, TP is also upregulated in other diseases in which angiogenesis and macrophage 

infiltration plays a role, including rheumatoid arthritis (RA)4.  

TP catalyzes the phosphorolytic cleavage of thymidine (TdR) to thymine and 

deoxyribose-1-phosphate (dR-1-P) (Figure 1). The latter, in its parent form or in its sugar 

form, deoxyribose (dR) plays a role in angiogenesis. Besides this, it is often involved in the 

metabolism of fluoropyrimidines. This can be both by activation and degradation of 

anticancer compounds. Examples of compounds that can be activated are 5-FU and 

5’DFUR5. By contrast, trifluorothymidine (TFT) can be degraded by TP to inactive TF-

Thymine5,6.  
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This review focuses on the role of TP and the products formed (dR-1-P, dR and dR-5-P) 

by TP enzymatic activity in activation of intracellular kinases. Besides this, regulation of TP 

expression and the influence of the various TP-expression locations (e.g. stromal or tumor) 

in tumor tissues on tumor growth and progression are discussed. 

 

 

SIGNALING TOWARDS CELL MIGRATION 

 

Angiogenesis is the formation of new vasculature from existing vasculature, a process that 

acts through the stimulation of migration of endothelial cells towards tumor sites. In this way, 

new blood vessels are formed, which can provide nutrients and thereby stimulate tumor 

growth. Besides endothelial cell migration, cancer cells also have the capacity to migrate, 

giving a tumor the possibility to invade in surrounding tissues and to metastasize to 

secondary organs/tissues. For metastasis, this migration is towards blood vessels or lymph 

nodes. Both endothelial and cancer cell migration actions have similar characteristics in 

activation of intracellular kinases which stimulate cell migration. However, the migration of 

different cell types is stimulated by different factors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 - Possible pathway of activation of 

intracellular kinases that can signal towards 

angiogenesis, invasion, proliferation and 

survival. The question-marks indicate the 

gap between formation of the sugars 

deoxyribose (dR) or deoxyribose-5-

phosphate (dR-5-P) and the activation of 

integrins and the downstream kinases.   
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Endothelial cell migration is known to be activated after stimulation of the vascular 

endothelial cell growth factor receptor (VEGF-R)7, the most extensively studied pro-

angiogenic factor. VEGF binding to VEGF-R results in activation of downstream kinases. 

Evidence that TP plays a role in angiogenesis has been described by Hotchkiss8,9, who 

showed that endothelial cell migration could be stimulated by cells with a high TP 

expression. dR and TP addition resulted in a higher migration capacity of these endothelial 

cells. dR exposure of endothelial cells has been shown to result in phosphorylation of 

p70/S6k10. This phosphorylation was inhibited by addition of rapamycin, which specifically 

inhibits mTOR (Figure 1). Moreover, dR was able to stimulate endothelial cells in a rat aortic 

ring assay, which could be blocked by rapamycin10. This suggests a role for TP in activating 

the p70/S6k, thereby stimulating proliferation and cell migration. Some of our preliminary 

data suggest that TdR addition protected colon cancer cells from rapamycin induced 

cytotoxicity. In cells that expressed TP, this protection was reversed by TPI. Therefore, TP 

enzymatic activity may be involved in this protection against rapamycin.  

For p70/S6K activation, it is (partially) required that the focal adhesion kinase (FAK) is 

activated11. FAK is a non-receptor protein kinase that is recruited to focal adhesions after 

clustering of integrins. FAK plays a central role in mediating cell attachment and cell 

migration. Hotchkiss et al9 identified focal adhesions formation and FAK phosphorylation 

after stimulation of endothelial cells with either TP or dR. Integrins that were involved in this 

activation were α5β1 and αVβ1. VEGF is generally known to stimulate the formation of focal 

adhesions and to phosphorylate FAK. In contrast to TP, VEGF seems to be involved in 

activation of α5β3 and αVβ3 integrins9.  

It should be taken into account for all experiments using endothelial cells that these are 

isolated from various human umbilical cords, thereby comparing different donors. Activation 

of signal transduction pathway may vary between different donors. Moreover, no 

experiments determining activation signal transduction pathways after TP stimulation in 

cancer cells has been reported. Activation of kinases may be completely different between 

endothelial cells and cancer cells. The activation of intracellular signal transduction 

pathways and subsequent endothelial or cancer cell responses by the enzymatic activity of 

TP are still not completely identified. dR-1-P is formed by TP enzymatic breakdown of TdR, 

but the direct interaction that results in activation of these intracellular transduction pathways 

remains unidentified.  
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MECHANISITC FEATURES OF TP RELATED CELL MIGRATION 

 

The mechanism by which TP and dR induce neovascularization is still not completely 

understood. No receptor for TP has so far been identified and TP does not contain a 

secretion signal. Although TP is predominantly found intracellularly, some tumor cells (A431 

and MKN74) appeared to release TP into conditioned medium12. However, it is possible that 

these cells did not excrete TP in the medium, but that these cells have a higher cell death 

induction and thereby released their intracellular content (enzymes) in the medium. In 

rapidly growing solid tumors, necrosis and cell lysis are common events. Therefore, TP can 

be detected in the medium above the cells. Also the use of conditioned medium may 

influence the behavior of cancer cells.  

Out of the reaction with TP, dR-1-P and thymine are formed (Figure 1). dR-1-P is the 

product from this reaction which presumably starts the angiogenic process. It is generally 

presumed that dR-1-P is dephosphorylated to dR. dR has clearly shown to have pro-

angiogenic effects10,13, but no direct evidence has been reported that dR-1-P is really 

converted to dR. After degradation of TdR to thymine, dR-1-P accumulation is not as high as 

that of thymine14. dR-1-P is rapidly (within minutes) metabolized to a yet unknown product. 

dR-1-P can either be dephosphorylated to dR, which can leave the cell via cell membrane. 

dR-1-P can also be isomerized to dR-5-P by phosphopentomutase and split to 

glyceraldehyde-3-phosphate (G3P). G3P can enter the glycolytic pathway to yield ATP. This 

has been described for bacteria, however for eukaryotic cells this has not been fully 

confirmed.  

The formation of dR or dR-5-P may be cell type dependent. When cells are for example 

transfected with TP, causing unusual high TP expression levels, dR-1-P metabolism may be 

different. Therefore studies should be performed to determine the extent of dR and dR-5-P 

formation out of dR-1-P. Using TP-transfected cells, dR-1-P has shown to be rapidly 

converted to either dR or dR-5-P. Addition of dR-5-P decreased the metabolism of dR-1-P, 

which indicates that dR-5-P maybe formed3. Grierson et al15 used the tracer 5’-deoxy-5’-[F-

18]fluorothymidine (18F-DFT) that can be converted intracellularly by TP. Since the dR-1-P 

group of thymidine is the labeled part of the tracer, cleavage will result in radioactive dR-1-P. 

This radioactive dR-1-P can easily be monitored for further action. Therefore, this tracer 

could be used to investigate the whether dR or dR-5-P is generated to induce cell migration. 

Moreover, other options for the use of such radiolabeled tracer are of interest, for example 

monitoring in vitro activity of thymidine phosphorylase.  

Brown et al16 proposed that dR may form oxygen radicals. Both dR-5-P and dR can 

undergo the Schiff base reaction, a reaction in which the closed sugar-chain is opened. At 
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the end of the described reaction, oxygen radicals are generated. However, they used very 

high concentrations of thymidine (0.2 - 1 mM) to generate these oxygen radicals. The 

formation of oxygen radicals is in agreement with reports where TdR catabolism by TP 

increased carcinoma cell secretion of IL-8, VEGF and MMP-1. These are all known products 

that are generated after oxidative stress17,18,19. Oxidative stress is caused by an imbalance 

between the production of reactive oxygen and a biological system’s ability to readily 

detoxify the reactive intermediates. Disturbances in the normal redox state can cause toxic 

effects through the production of peroxides and free radicals that damage important cellular 

components, such as proteins and DNA. Heme oxygenase-1 (HO-1) is an enzyme that can 

decrease cellular oxidative stress. A high TP expression has been found to be associated 

with the activation of HO-120,21. HO-1 can function in detoxification, carcinogenesis and cell 

motility22. HO-1 binds to heme and oxygen, and diminishes cellular oxidative stress by 

reduction of the levels of pro-oxidant heme and production of the anti-oxidant bilirubin23. The 

redox environment of cytosol and mitochondria is critical to cellular performance and 

protection against oxidative stress. HO-1 has been found to be co-expressed in 

macrophages that have infiltrated in the late stage of malignant melanomas tumor tissues21. 

HO-1 is generated after the production of ROS, which is typically produced under hypoxic 

conditions. Under hypoxic conditions, various genes are transcribed, including hypoxia 

inducible factor-1 HIF-1 and the activator protein-1 (AP-1), which may regulate TP 

transcription (see also next section). HO-1 induction has been shown to have a vasodilatory 

anti-inflammatory and also anti-apoptotic properties. TP has also been described to confer 

resistance in hypoxia-induced apoptosis24,25. However, the exact mechanism of TP in this 

has not been elucidated. Moreover, a high TP expression has also been correlated with 

decreased induction of apoptosis in colorectal, gastric and ovarian carcinomas25,26,27.  

Since HO-1 is closely associated with TP gene regulation, this might be the mechanism 

behind the anti-apoptotic activity of TP28. Details of the mechanism of anti-apoptosis are still 

unclear, but there is clear evidence that TP may be crucial in the escape of tumor cells from 

various apoptotic signals such as physical stress, immune surveillance and anticancer 

treatments28. Moreover, HO-1 expression in macrophages that have infiltrated tumor sites 

was related with tumor growth and angiogenesis in melanomas  

 

 

REGULATION OF TP 

 

TP can be upregulated under influence of many reactions, including the cytokines IFN-α and 

tumor necrosis factor (TNF-α)3,2. TNF and IFN release are both regulated by NFkB. When 
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monocytes were made resistant to inhibition of NFkB by sulfasalazine (SSZ), cells lost TP 

expression, while wt cells had significant TP expression. TP activity in these cells could not 

be induced after exposure to IFN or TNF. TP may therefore be regulated by NFκB.  

Studies of multiple soluble mediators in tumor stroma have shown that TP is often 

coexpressed with other inflammation-related or angiogenesis related molecules, including 

VEGF, TNF-α, IL-1, HIF-2α2,3. Many new anti-angiogenesis agents that are under 

development are directed towards either VEGF or the VEGF-receptor (VEGFR)7. VEGF has 

different actions then TP in endothelial cell stimulation2,3. VEGF can be induced under 

hypoxic conditions. Besides this, TP has been reported to be overexpressed in hypoxic 

tissues29. TP and VEGF have been thought have cooperative actions which have partially 

been proven by Rofstad (2000)30, who showed that angiogenesis and spontaneous 

metastasis of A-07 melanomas xenografts could be inhibited by treatment with neutralizing 

antibodies against VEGF, IL-8, TP or bFGF. This was especially interesting, because the 

inhibition of only one of these factors could not be compensated for by the others30.   

One study showed that HIF-2α transcriptional activity was associated with more TP and 

transcriptional activity of HIF-1α is associated with more VEGF31. However, the exact 

mechanism by HIF-2α regulation is still unknown. Another protein that is responsible to 

hypoxia is ANG-1. One immunohistochemical study has shown that TP expression could be 

inversely related to ANG 1, angiopoietin 132. Therefore the regulation of TP in hypoxia is 

probably different than that of ANG-1.  

 

 

 
Figure 2 TP activity in dendritic cells (DC), monocytes and macrophages. When cells are stimulated 

with PGE2, the TP activity in DCs decreased. 
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Prostaglandin E2 is formed by the conversion of arachidonic acid by cyclooxygenase. 

PGE2 has been shown to promote tumor growth. Thereby COX-2 has been shown to 

possess angiogenic activity. PGE2 has been found to be coexpressed with thymidine 

phosphorylase in squamous cell carcinoma of uterine cervix, malignant fibrous histiocytoma 

and endometrial cancer 33,34,35. Co-expression in these tumor types showed that COX may 

act together with VEGF and TP and thereby promote tumor growth by induction of 

angiogenesis. PGE2 stimulation of cells can stimulate the production of IL-1036, which 

inhibits the anti-inflammatory functions of DCs and macrophages36. IL-10 can modulate the 

expression of other cytokines, soluble mediators and cell surface molecules by cells of 

myeloid origin, particularly macrophages and dendritic cells (DC). IL-10 is also able to inhibit 

COX-2 expression, IL-6, IL-12 and TNF-α. On the other hand, TPI has shown to inhibit the 

production of IL-10. In this way, TPI may be able to reverse the anti-inflammatory actions of 

IL-10 and therewith activate an immune response against tumor cells. From our preliminary 

data, TP activity was partially inhibited by the stimulation of dendritic cells with PGE2 (Figure 

2). After stimulation of DC’s with PGE2 and the addition of thymidine, IL-10 production 

decreased 7 fold (Table 1). IL-10 production also decreased 1.5 fold after addition of TPI, 

which may suggest an indirect role of TP in stimulation of IL-10 production.  

 

  
Table 1 - Effect of TPI on thymidine (TdR) and Prostaglandin (PGE2) mediated 
cytokine release in dendritic cells 
  

IL-10 (pg/ml) 

control TdR 
TdR + TPI 

323 
212 

PGE2 TdR 
TdR + TPI 

44 
57 

TPI TdR 
TdR + TPI 

190 
178 

Dendritic cells were exposed to PGE2 or TPI for 7 days, after which IL-10 production was determined 

with addition of TdR of TdR + TPI. 

 

 

TP can also be upregulated by various anticancer agents, including taxanes. The 

mechanism behind this upregulation is not known, but it is thought that this may be an 

indirect mechanism2,3. Interestingly, TP upregulation could be related to protection against 

drug activities37. Since TP has anti-apoptotic properties and has been shown to protect cells 

against these agents, it would be interesting to study combinations of these drugs with 

specific inhibitors of TP, such as TPI. Moreover, since the mechanism of TP upregulation 

remains unclear, it would be interesting to study these aspects as well.  
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TP IN TUMOR-STROMA INTERACTION 

 

Of the many performed immunohistochemical studies of TP expression in tumor tissues, 

differences in locations of its expression are described. Some studies only found TP 

expression in tumor cells, such as breast, lung, stomach, and head and neck. Others 

predominantly reported TP expression in tumor surrounding tissues (mostly colorectal and 

endometrial cancer tissues)2. Tumor tissues of solid tumors comprise not only cancer cells, 

but also non-malignant stromal cells and infiltrated immune cells. These cells may all 

interact with each other, generating a microenvironment that can regulate tumor growth, 

progression, metastasis and angiogenesis38. Macrophages, are often infiltrated in tumor 

sites. These so called tumor associated macrophages (TAM) already have been shown to 

promote cancer progression and are related to an unfavorable prognosis in preclinical and 

clinical investigations of various cancers39,40. It is unknown whether the expression of TP in 

tumor stroma has any clinical or prognostic significance, but macrophage infiltration has 

been related to an increased angiogenesis41. Yao et al42 determined TP expression in 

glioma tissues and correlated TP expression in infiltrated macrophages and with an 

increased MVD. The increase in angiogenesis could also be related to macrophages, which 

are now able to enter tumor sites, while with a lower MVD macrophages they can not. TP 

expression in TAM has also been linked to the pathology and progression of solid tumors43. 

TAM produce inflammatory cytokines that may result in upregulation of TP in tumor cells and 

other tumor stroma cells. This is in contrast to one study where it was shown that high 

infiltration of TP-expressing macrophages in the tumor stroma was related to an improved 

survival in patients with colorectal cancer44. Therefore, the role of TP in tumor stroma tissue 

warrants further attention. TP expression in tumor stroma has been shown to be able to 

activate anticancer drugs (5’-DFUR) via a bystander effect. In peripheral blood monocytes, 

TP was the most prominent in activation of 5’-DFUR.45 Since TP expression was increased 

after differentiation of monocytes to macrophages and dendritic cells (Figure 2), this can be 

an advantage in killing macrophages and DCs that are infiltrated in tumor tissue sites.  

All TP immunohistochemical studies determining TP as a predictive factor have been 

retrospective and not all studies show similar results. Therefore, prospective studies with 

standardized methods for TP determination should take place in the future. Thereby it 

should be taken into account that these studies were all performed in various tumor tissue 

types which were at different stages. Many studies comprise immunohistochemical studies, 

where only co-expression has been studied, therewith functional aspects were less studied. 

In future studies should be focused on these aspects as well. 
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CONCLUSION 

 

TP is a unique nucleoside metabolism enzyme. TP can induce angiogenesis and protect 

apoptosis induction. TP is therefore an important prognostic factor. These actions are 

related to the conversion of TdR to dR-1-P by TP. dR-1-P can be converted to either dR-5-P 

or dR, but it is not clear to what extent each product is formed. Inhibition of TP by specific 

inhibitors may be of interest. Since TP expression is not only found in tumor cells, but also in 

tumor stroma cells, future studies should focus on the role of TP in these cells and not only 

in cancer cells.  

 

 

 

 

 



Thymidine phosphorylase in tumor behavior 

 

 129 

REFERENCES 

                                                 
1 Takebayashi Y, Akiyama S, Akiba S, Yamada K, Miyadera K, Sumizawa T, Yamada Y, Murata F, 

Aikou T. Clinicopathologic and prognostic significance of an angiogenic factor, thymidine 
phosphorylase, in human colorectal carcinoma. J Natl Cancer Inst. 1996;88:1110-7 

2 Liekens S, Bronckaers A, Pérez-Pérez MJ, Balzarini J. Targeting platelet-derived endothelial cell 
growth factor/thymidine phosphorylase for cancer therapy. Biochem Pharmacol. 2007;74:1555-67 

3 De Bruin M., Temmink, O.H., Hoekman, K., Pinedo, H.M., Peters, G.J. Role of platelet derived 
endothelial cell growth factor / thymidine phosophorylase in health and disease. Cancer therapy 
2006;4:99-124  

4 Asai K, Hirano T, Matsukawa K, Kusada J, Takeuchi M, Otsuka T, Matsui N, Kato T. High 
concentrations of immunoreactive gliostatin/platelet-derived endothelial cell growth factor in synovial 
fluid and serum of rheumatoid arthritis. Clin Chim Acta. 1993;218:1-4 

5 de Bruin M, van Capel T, Van der Born K, Kruyt FA, Fukushima M, Hoekman K, Pinedo HM, Peters 
GJ. Role of platelet-derived endothelial cell growth factor/thymidine phosphorylase in 
fluoropyrimidine sensitivity. Br J Cancer. 2003;88:957-64  

6 Temmink OH, de Bruin M, Turksma AW, Cricca S, Laan AC, Peters GJ Activity and substrate 
specificity of pyrimidine phosphorylases and their role in fluoropyrimidine sensitivity in colon cancer 
cell lines. Int J Biochem Cell Biol. 2007;39:565-75  

7 Kamba T, McDonald DM. Mechanisms of adverse effects of anti-VEGF therapy for cancer.Br J 
Cancer. 2007;96:1788-95  

8 Hotchkiss KA, Ashton AW, Klein RS, Lenzi ML, Zhu GH, Schwartz EL. Mechanisms by which tumor 
cells and monocytes expressing the angiogenic factor thymidine phosphorylase mediate human 
endothelial cell migration.Cancer Res. 2003;63:527-33  

9 Hotchkiss KA, Ashton AW, Schwartz EL Thymidine phosphorylase and 2-deoxyribose stimulate 
human endothelial cell migration by specific activation of the integrins alpha 5 beta 1 and alpha V 
beta 3. J Biol Chem. 2003;278:19272-9 

10 Seeliger H, Guba M, Koehl GE, Doenecke A, Steinbauer M, Bruns CJ, Wagner C, Frank E, Jauch 
KW, Geissler EK. Blockage of 2-deoxy-D-ribose-induced angiogenesis with rapamycin counteracts 
a thymidine phosphorylase-based escape mechanism available for colon cancer under 5-
fluorouracil therapy. Clin Cancer Res. 2004;10:1843-52  

11 Malik RK, Parsons JT. Integrin-dependent activation of the p70 ribosomal S6 kinase signaling 
pathway. J Biol Chem. 1996;271:29785-91  

12 Matsukawa K, Moriyama A, Kawai Y, Asai K, Kato T Tissue distribution of human gliostatin/platelet-
derived endothelial cell growth factor (PD-ECGF) and its drug-induced expression.Biochim Biophys 
Acta. 1996;1314:71-82 

13 Uchimiya H, Furukawa T, Okamoto M, Nakajima Y, Matsushita S, Ikeda R, Gotanda T, Haraguchi M, 
Sumizawa T, Ono M, Kuwano M, Kanzaki T, Akiyama S. Suppression of thymidine phosphorylase-
mediated angiogenesis and tumor growth by 2-deoxy-L-ribose. Cancer Res. 2002;62:2834-9  

14 de Bruin M, Smid K, Laan AC, Noordhuis P, Fukushima M, Hoekman K, Pinedo HM, Peters GJ. 
Rapid disappearance of deoxyribose-1-phosphate in platelet derived endothelial cell growth 
factor/thymidine phosphorylase overexpressing cells. Biochem Biophys Res Commun. 2003; 
301:675-9 

15 Grierson JR, Brockenbrough JS, Rasey JS, Wiens LW, Schwartz JL, Jordan R, Vesselle H. 
Evaluation of 5'-deoxy-5'-[F-18]fluorothymidine as a tracer of intracellular thymidine phosphorylase 
activity.Nucl Med Biol. 2007;34:471-8  

16 Brown NS, Streeter EH, Jones A, Harris AL, Bicknell R. Cooperative stimulation of vascular 
endothelial growth factor expression by hypoxia and reactive oxygen species: the effect of targeting 
vascular endothelial growth factor and oxidative stress in an orthotopic xenograft model of bladder 
carcinoma.Br J Cancer. 2005;92:1696-701 

17 DeForge L. E., Preston A. M., Takeuchi E., Kenney J., Boxer L. A., Remick D. G. Regulation of 
interleukin 8 gene expression by oxidant stress. J. Biol. Chem. 1993;268:25568-25576  

18 Wenk J., Brenneisen P., Wlaschek M., Poswig A., Briviba K., Oberley T. D., Scharffetter-Kochanek 
K. Stable overexpression of manganese superoxide dismutase in mitochondria identifies hydrogen 
peroxide as a major oxidant in the AP-1-mediated induction of matrix-degrading metalloprotease-1. 
J. Biol. Chem. 1999;274:25869-76  



Chapter 7 

 130 

                                                                                                                            
19 Kuroki M., Voest E. E., Amano S., Beerepoot L. V., Takashima S., Tolentino M., Kim R. Y., Rohan R. 

M., Colby K. A., Yeo K. T., Adamis A. P. Reactive oxygen intermediates increase vascular 
endothelial growth factor expression in vitro and in vivo. J. Clin. Invest. 1996;98:1667-1675  

20 Li W, Tanaka K, Morioka K, Uesaka T, Yamada N, Takamori A, Handa M, Tanabe S, Ihaya A. 
Thymidine phosphorylase gene transfer inhibits vascular smooth muscle cell proliferation by 
upregulating heme oxygenase-1 and p27KIP1. Arterioscler Thromb Vasc Biol. 2005;25:1370-5  

21 Torisu-Itakura H, Furue M, Kuwano M, Ono M Co-expression of thymidine phosphorylase and heme 
oxygenase-1 in macrophages in human malignant vertical growth melanomas Jpn J Cancer Res. 
2000;91:906-10 

22 Oates PS, West AR. Heme in intestinal epithelial cell turnover, differentiation, detoxification, 
inflammation, carcinogenesis, absorption and motility. World J Gastroenterol. 2006;12:4281-95 

23 Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, Ames BN. Bilirubin is an antioxidant of possible 
physiological importance. Science 1987;235:1043-1046   

24 Kitazono M, Takebayashi Y, Ishitsuka K, Takao S, Tani A, Furukawa T, Miyadera K, Yamada Y, 
Aikou T, Akiyama S. Prevention of hypoxia-induced apoptosis by the angiogenic factor thymidine 
phosphorylase. Biochem Biophys Res Commun. 1998;253:797-803 

25 Matsushita S, Nitanda T, Furukawa T, Sumizawa T, Tani A, Nishimoto K, Akiba S, Miyadera K, 
Fukushima M, Yamada Y, Yoshida H, Kanzaki T, Akiyama S. The effect of a thymidine 
phosphorylase inhibitor on angiogenesis and apoptosis in tumors.Cancer Res. 1999;59:1911-6.  

26 Osaki M, Sakatani T, Okamoto E, Goto E, Adachi H, Ito H. Thymidine phosphorylase expression 
results in a decrease in apoptosis and increase in intratumoral microvessel density in human gastric 
carcinomas Virchows Arch. 2000;437:31-6 

27 Hata K, Fujiwaki R, Nakayama K, Maede Y, Fukumoto M, Miyazaki K. Expression of thymidine 
phosphorylase and vascular endothelial growth factor in epithelial ovarian cancer: correlation with 
angiogenesis and progression of the tumor. Anticancer Res. 2000;20:3941-9. 

28 Fang J, Akaike T, Maeda H. Antiapoptotic role of heme oxygenase (HO) and the potential of HO as a 
target in anticancer treatment. Apoptosis 2004;9:27-35 

29 Griffiths L, Dachs GU, Bicknell R, et al. The influence of oxygen tension and pH on the expression of 
platelet-derived endothelial cell growth factor/thymidine phosphorylase in human breast tumor cells 
grown in vitro and in vivo. Cancer Res 1997;15:570–72 

30 Rofstad EK, Halsør EF. Vascular endothelial growth factor, interleukin 8, platelet-derived endothelial 
cell growth factor, and basic fibroblast growth factor promote angiogenesis and metastasis in 
human melanoma xenografts.Cancer Res. 2000;60:4932-8 

31 Ioachim E, Michael M, Salmas M, Michael MM, Stavropoulos NE, Malamou-Mitsi V Hypoxia-
inducible factors HIF-1alpha and HIF-2alpha expression in bladder cancer and their associations 
with other angiogenesis-related proteins. Urol Int. 2006;77:255-63 

32 Currie MJ, Gunningham SP, Han C, et al. Angiopoietin-1 is inversely related to thymidine 
phosphorylase expression in human breast cancer, indicating a role in vascular remodeling. Clin 
Cancer Res 2001;7:918–27 

33 Pyo H, Kim YB, Cho NH, Suh CO, Park TK, Yun YS, Kim GE. Coexpression of cyclooxygenase-2 
and thymidine phosphorylase as a prognostic indicator in patients with FIGO stage IIB squamous 
cell carcinoma of uterine cervix treated with radiotherapy and concurrent chemotherapy. Int J Radiat 
Oncol Biol Phys. 2005, 62:725-32 

34 Yamashita H, Osaki M, Ardyanto TD, Osaki M, Yoshida H, Ito H Cyclooxygenase-2 in human 
malignant fibrous histiocytoma: correlations with intratumoral microvessel density, expression of 
vascular endothelial growth factor and thymidine phosphorylase. Int J Mol Med. 2004;14:565-70 

35 Fujiwaki R, Iida K, Kanasaki H, Ozaki T, Hata K, Miyazaki K Cyclooxygenase-2 expression in 
endometrial cancer: correlation with microvessel count and expression of vascular endothelial 
growth factor and thymidine phosphorylase. Hum Pathol. 2002;33:213-9. 

36 Harizi H, Gualde N. Pivotal role of PGE2 and IL-10 in the cross-regulation of dendritic cell-derived 
inflammatory mediators. Cell Mol Immunol. 2006;3:271-7 

37 Jeung HC, Che XF, Haraguchi M, Zhao HY, Furukawa T, Gotanda T, Zheng CL, Tsuneyoshi K, 
Sumizawa T, Roh JK, Akiyama S. Protection against DNA damage-induced apoptosis by the 
angiogenic factor thymidine phosphorylase. FEBS Lett. 2006;580:1294-302 

38 Balkwill F, Charles KA, Mantovani A. Smoldering and polarized inflammation in the initiation and 
promotion of malignant disease.Cancer Cell. 2005;7:211-7. 



Thymidine phosphorylase in tumor behavior 

 

 131 

                                                                                                                            
39 Hagemann T, Wilson J, Burke F, Kulbe H, Li NF, Pluddemann A, Charles K, Gordon S, Balkwill FR. 

Ovarian cancer cells polarize macrophages toward a tumor-associated phenotype.J Immunol. 
2006;176:5023-32 

40 Pollard JW Tumour-educated macrophages promote tumour progression and metastasis. 
Nat Rev Cancer. 2004;4:71-8 

41 Takahashi Y, Bucana CD, Liu W, Yoneda J, Kitadai Y, Cleary KR, Ellis LM Platelet-derived 
endothelial cell growth factor in human colon cancer angiogenesis: role of infiltrating cells.J Natl 
Cancer Inst. 1996;88:1146-51 

42 Yao Y, Kubota T, Sato K, Kitai R Macrophage infiltration-associated thymidine phosphorylase 
expression correlates with increased microvessel density and poor prognosis in astrocytic tumors 
Clin Cancer Res. 2001;7:4021-6 

43 Zhu GH, Schwartz EL. Expression of the angiogenic factor thymidine phosphorylase in THP-1 
monocytes: induction by autocrine tumor necrosis factor-alpha and inhibition by aspirin.Mol 
Pharmacol. 2003;64:1251-8 

44 Saito S, Tsuno N, Nagawa H, Sunami E, Zhengxi J, Osada T, Kitayama J, Shibata Y, Tsuruo T, 
Muto T. Expression of platelet-derived endothelial cell growth factor correlates with good prognosis 
in patients with colorectal carcinoma.Cancer. 2000;88:42-9 

45 Temmink OH, de Bruin M, Laan AC, Turksma AW, Cricca S, Masterson AJ, Noordhuis P, Peters GJ. 
The role of thymidine phosphorylase and uridine phosphorylase in (fluoro)pyrimidine metabolism in 
peripheral blood mononuclear cells. Int J Biochem Cell Biol. 2006;38:1759-65 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 7 

 132 

                                                                                                                            
 
 


