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Abstract

We recently found that thymidine phosphorylase (TYMP), also known as platelet-derived 

endothelial cell growth factor, plays an important role in platelet activation in vitro and thrombosis 

in vivo by participating in multiple signaling pathways. Platelets are a major source of TYMP. 

Since platelet-mediated clot formation is a key event in several fatal diseases, such as myocardial 

infarction, stroke and pulmonary embolism, understanding TYMP in depth may lead to 

uncovering novel mechanisms in the development of cardiovascular diseases. Targeting TYMP 

may become a novel therapeutic for cardiovascular disorders. In this review paper, we summarize 

the discovery of TYMP and the potential molecular mechanisms of TYMP involved in the 

development of various diseases, especially cardiovascular diseases. We also offer insights 

regarding future studies exploring the role of TYMP in the development of cardiovascular disease 

as well as in therapy.
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1. TYMP discovery

As early as 1930, it was found that a deoxyribose was released from thymidine by the 

enzymatic action of a nucleotidase prepared from animal tissues [1]. About two decades 

later, Manson and Lampen discovered that thymidine was cleaved by a phosphorolytic 

process to release a sugar phosphate ester [2]. Friedkin and Roberts purified and 

characterized the enzyme from animal tissues in 1954 [3], and named this thymidine 

Corresponding address: Wei Li, MD, PhD, Department of Biomedical Sciences, BBSC 241G, Marshall University Joan C. Edwards 
School of Medicine, One John Marshall Drive, Huntington, West Virginia 25755-9310, USA. Phone: 1-304-696-7342, Fax: 
1-304-696-7391, liwe@marshall.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

The authors have no potential conflicts of interest to disclose.

HHS Public Access
Author manuscript
Trends Cardiovasc Med. Author manuscript; available in PMC 2019 April 01.

Published in final edited form as:
Trends Cardiovasc Med. 2018 April ; 28(3): 157–171. doi:10.1016/j.tcm.2017.10.003.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



catalytic enzyme thymidine phosphorylase (TYMP). In the early literature, thymidine 

phosphorylase was abbreviated as TP. To distinguish it from the thromboxane receptor, also 

abbreviated as TP, we use “TYMP” in most of our recent publications. Human TYMP was 

first isolated from the amniochorion [4]. In 1987 and 1992, two Japanese groups reported 

two “new” human proteins, namely, platelet-derived endothelial cell growth factor (PD-

ECGF) [5] and gliostatin [6]. Sequence analysis found that these two “new” proteins were 

identical to human TYMP [7–9], and from then on, TYMP was also called PD-ECGF or 

gliostatin, and characterized as having a strong angiogenic effect and in inhibiting glial cell 

growth. Of note, TYMP/PD-ECGF/gliostatin protein is not identical to platelet-derived 

growth factor (PDGF) or epithelial cell growth factor (ECGF).

TYMP is known now to express by various cells [10]. TYMP is also highly expressed in 

solid tumors, such as in breast and colorectal cancers; its biological effects in cancer are 

mainly recognized as being strongly pro-angiogenic [7] and anti-apoptotic [11], and these 

will be discussed in Section 3. There is no evidence that a TYMP gene mutation leads to the 

development of tumor cells. However, loss-of-function mutations of the TYMP gene cause 

mitochondrial neurogastrointestinal encephalopathy (MNGIE), a rare autosomal recessive 

human disease [12]. Somjen et al., as well as our group, have demonstrated that TYMP 

inhibits vascular smooth muscle cell (VSMC) DNA synthesis and thus inhibits VSMC 

proliferation [13–15]. TYMP is mainly found inside the cell due to its lack of an amino-

terminal hydrophobic leader sequence, required for cell secretion [16]. The following 

discussion thus mainly describes its intracellular functions. Although several studies implied 

that TYMP affected focal adhesion kinase (FAK) and integrin activity [17], which is related 

to its enzymatic activity, studies have not revealed whether TYMP itself participates in 

signaling transduction. In this regard, our recent studies are the first to show that TYMP acts 

as a signaling molecule by directly binding to Src family kinase (SFK) through its N-

terminus residue, and also plays an important role in platelet activation and thrombosis [18]. 

Figure 1 outlines a time course of the discovery of TYMP, with accumulating data indicating 

that TYMP may be associated with the development of various diseases, especially 

cardiovascular disorders, leading to the conclusion that targeting TYMP may yield novel 

therapeutics for these diseases. In this review, we will summarize the cognition and function 

of TYMP and its relationship to disease, and provide the principal basis for targeting TYMP 

as a possible therapeutic strategy to counter the development of cardiovascular diseases.

2. TYMP structure

The human gene encoding TYMP is located on chromosome 22q13.32-qter [12], which 

contains 10 exons spanning more than 4.3 kb [19]. TYMP mRNA has a length of 1.8 kb and 

codes for a 482-residue protein with a molecular weight of ~50 kDa [20]. The first TYMP 

structure to be described with a thymine in its active site was from Escherichia coli, as 

outlined by Walter and his coworkers [21]. Norman et al. described the first structure of 

human TYMP in a binding mode in the presence of 5-chloro-6-(1-(2-

iminopyrrolidinyl)methyl) uracil (TPI), a specific and potent TYMP inhibitor (Figure 2) 

[22]. Additional structural studies were also conducted on human TYMP in the presence of 

thymidine/thymine [23], two major substrates of TYMP, and KIN59 [24], a non-competitive 

TYMP inhibitor. The binding of substrates or inhibitors to TYMP induces a closed 
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conformational change, which is essential for a TYMP-mediated phosphorolytic reaction to 

occur. The inhibitory role of KIN59 in binding TYMP, without affecting the binding of 

substrates to the enzyme, strongly suggests that a conformational change in TYMP 

influences its function.

Both bacterial and mammal TYMPs are made up of homodimers. Each TYMP monomer 

consists of a small α-helical domain (α-domain), and a large mixed α-helical and β-sheet 

domain (α/β domain) separated by a large cleft containing the substrate binding site [22–

24]. Without substrate binding, TYMP is usually in an open conformation; after binding by 

substrates, the two domains move toward each other to generate a closed conformation [22–

24]. Krenitsky and colleagues have conducted kinetic studies using both E. coli and rabbit 

TYMPs and found that TYMP follows a sequential mechanism whereby phosphate is the 

first substrate to bind to the enzyme, with 2DDRP the last product to be released from 

TYMP [25]. Site-directed mutation analysis of human TYMP has revealed that Lys115, 

His116, Leu148, Tyr199, Arg202, Ile214 and Ser217 are essential for enzyme activity [26, 

27]. Bronckaers et al. also demonstrated Asp203 plays an important role in allowing the loop 

stabilization that is required for the catalytic efficiency of this enzyme [24]. All of these key 

sites are conserved among different organisms (Figure 3A). An ability to inhibit such 

binding sites is particularly significant not only for the regulation of the enzyme’s activity 

[24, 26, 27], but also likely affects the signaling function of TYMP [15, 18]. Therefore, these 

key positions may be important targeting sites for drug development.

By analyzing sequences of TYMP proteins from different organisms, we found that 

mammalian TYMP contains a proline-rich N-terminus (Figure 3B) [18] that is lacking in 

bacteria, fish and frogs as well as invertebrate animals. Hemostasis is not applicable to 

bacteria, while frogs and fish have nucleated thrombocytes in lieu of platelets, whether clot 

formation is similar to that observed in mammals is unclear. Thus, the evolution of a well-

conserved proline-rich N-terminus in mammals may be indicative of its necessity for 

hemostasis. Our recent study is the first to demonstrate that TYMP functions as a signaling 

molecule and plays an essential role in regulating platelet activation and clot formation in 

response to vascular injury [18]. This effect occurs through the binding of TYMP to several 

members of the Src family of protein tyrosine kinases (SFK), possibly via the proline-rich 

domain in the TYMP N-terminus and the SH3 domain in SFK. Unfortunately, all structural 

studies of human TYMP, to date, show up to 34 missing amino acid N-terminal residues [23, 

26]. Whether and how this N-terminal peptide can affect TYMP function requires further 

study.

In summary, in addition to playing an important role in cancer through enhancing 

angiogenesis in the cancer microenvironment, increasing evidence suggests that TYMP is 

essential for platelet activation and thrombosis that may lead to fatal cardiovascular diseases, 

such as myocardial infarction and stroke. Therefore, understanding the structure of TYMP 

and mechanisms of substrate binding to TYMP may be essential to support a rationale for 

new drug investigations into cardiovascular diseases.
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3. TYMP functions

3.1) TYMP acts as a pyrimidine nucleoside phosphorylase

TYMP belongs to the pyrimidine nucleoside phosphorylase (PyNP) family, and its primary 

function is to drive the salvage pathway of pyrimidine nucleosides [24, 28]. In the presence 

of inorganic phosphate, TYMP reverse catalyzes thymidine to thymine and 2-D-

deoxyribose-1-phosphate (2DDRP); the latter is further degraded to 2-D-deoxyribose 

(2DDR; Figure 4, left) [22]. TYMP also has deoxyribosyl transferase activity that involves 

the transfer of a deoxyribosyl moiety from a pyrimidine nucleoside to another pyrimidine 

base (Figure 4, right), resulting in the formation of a new pyrimidine nucleoside [29]. This 

reaction is most likely via an SN2-like transition state involving a nucleobase, 2′-

deoxyribose and phosphate [26, 30]. Therefore, functional TYMP acts as a homodimer, 

plays a key role in pyrimidine nucleoside metabolism, and ensures a sufficient pyrimidine 

nucleotide pool for DNA repair and replication.

TYMP also recognizes several pyrimidines or pyrimidine nucleoside analogs endowed with 

antiviral and antitumoral activity. These include 5-(E)-(2-bromovinyl)-2′-deoxyuridine 

(BVDU), 5-trifluorothymidine (TFT) and 5-fluorouracil (5FU), as well as 5-fluoro-5′-

deoxyuridine (5′DFUR), an intermediate metabolite of capecitabine [28, 31–35]. The 

rationale for the design of capecitabine is to take the advantage of increased levels of TYMP 

found in several tumors in contrast to normal tissues, potentially allowing for selective tumor 

toxicity [36] since TYMP acts in the last step to catalyze capecitabine to 5FU, an 

antineoplastic agent.

3.2) TYMP has a strong pro-angiogenic effect

In 1987, an “endothelial cell growth factor” was purified from human platelets and named 

PD-ECGF. Based on a radiolabeled-thymidine incorporation assay, PD-ECGF had a strong 

mitogenic effect on endothelial cells [5]. Five years later, human PD-ECGF was found to 

have the same protein sequence as human TYMP [9], meaning they were the same protein. 

Since then, as a pro-angiogenic factor expressed at high levels in several solid cancers as 

mentioned above, TYMP has undergone both in vitro and in vivo investigations, especially 

with regard to tumor-associated angiogenesis [37–42]. By the direct injection of a plasmid 

vector encoding human TYMP cDNA into an ischemic canine myocardium or rabbit 

hindlimb, we demonstrated that TYMP promotes angiogenesis in cardiac and skeletal 

muscles [43–45]. Angiogenesis is the formation of new blood vessels from a preexisting 

vasculature [46], which is essential for tumor growth and cancer progression [47]. How 

TYMP enhances angiogenesis is still not fully understood, and is hitherto considered in the 

following main mechanisms:

Firstly, TYMP enhances endothelial cell migration through its metabolite 2DDR [48]. 

Therefore, the angiogenic function of TYMP relates to its enzymatic activity and it follows 

that blocking the enzymatic function of TYMP abolishes its angiogenic effect [49]. FAK is a 

non-receptor protein tyrosine kinase required for the formation of focal adhesions. FAK acts 

as a molecular bridge between intracellular and extracellular spaces that integrates a variety 

of environmental stimuli and mediates a two-way crosstalk between the extracellular matrix 
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and cytoskeleton [50]. Both TYMP and 2DDR stimulate the phosphorylation of FAK at 

tyrosines 397 and 925 to induce the formation of focal adhesions; they therefore play an 

important role in endothelial cell migration and angiogenesis [51]. This effect relates to the 

activation of the integrins α5β1 and αVβ3 rather than a change in their expression on the 

cell surface or in their total cellular levels [51]. We also found that TYMP deficiency did not 

affect the expression of β1 and β3 on the platelet surface [18], in line with the findings of 

others. By adding 2DDR to cultured cells, one recent study concluded that 2DDR bound to 

α5β1 and αVβ3 and induced phosphatidyl inositol 3-kinase (PI3K)/AKT activation [52] 

based on an antibody-blocking assay as published previously by Hotchkiss et al. [51]; 

however, this finding was not supported by convincing results from binding assays. Indeed, 

using [3H]-2DDR, Brown and Bicknell revealed a lack of any specific binding of 2DDR to 

endothelial cells, which express both integrins α5β1 and αVβ3, indicating that the effects of 
2DDR are not receptor-mediated [53]. Therefore, how TYMP induces integrin activation is 

remains unclear. Our recent study demonstrated that platelet TYMP, acting as a signaling 

molecule, can directly bind to SH3 domain-containing proteins, including Lyn, Fyn and Yes, 

and thus plays an important role in intracellular signal transduction upon platelet activation 

[18]. FAK also has a SH3-binding motif (PXXP); therefore, TYMP may fine-tune FAK 

function by regulating SH3 domain–containing proteins in a coordinated manner. It is 

possible that the binding of substrate to TYMP causes a conformational change that affects 

its binding to other signaling molecules. We hypothesize that TYMP will function similarly 

in endothelial cells and activate integrins α5β1 and αVβ3 via “inside-out”, but not “outside-

in” signaling. This theory is under further investigation.

Secondly, in addition to activating integrin proteins, 2DDR also activates p70/s6k, an 

important downstream kinase of the mechanistic target of rapamycin (mTOR), which also 

regulates cell proliferation and angiogenesis [54]. 2DDR-mediated angiogenesis is inhibited 

by rapamycin blocking p70/s6k kinase activation. An association between rapamycin and 

TYMP is also shown by evidence of a protective role for thymidine in rapamycin-induced 

cytotoxicity [55]. The TYMP inhibitor, TPI, inhibits the protective effect of thymidine in 

rapamycin-induced cytotoxicity, suggesting this protective effect depends on TYMP activity. 

TYMP may also mediate FAK signaling, since downstream of FAK, PI3K/AKT is necessary 

for activating mTOR signaling. In our recent study, we found that a TYMP deficiency or the 

inhibition of TYMP activity dramatically attenuated AKT activation in response to the 

activation of glycoprotein VI (GPVI) signaling [18], further suggesting a link between 

TYMP and AKT. Clarification of this pathway may provide novel insights into TYMP-

mediated angiogenesis.

Thirdly, TYMP may enhance angiogenesis by directly stimulating the expression of pro-

angiogenic factors, including vascular endothelial growth factor (VEGF), matrix 

metalloproteinase (MMP)-2, urokinase plasminogen activator (uPA), tumor necrosis factor 

alpha (TNFα) and interleukin (IL)-8, among others. [42, 48, 56, 57]. In general, the 

expression and function of angiogenesis-related proteins are tightly regulated at different 

levels. For example, MMP-2 is regulated at three levels: gene expression, pro-enzyme 

activation, and enzyme inactivation by related inhibitory proteins [46, 57]. Tabata and 

colleagues have found that the angiogenic effect of TYMP is mediated by up-regulating the 

expression of IL-8 and NFκB [42]. TYMP, possibly through increasing reactive oxygen 
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species (ROS) generation, promotes the transcription of IL-8 and other NFκB target genes, 

including IL-6 and fibronectin-1 [42]. TYMP has been found in nuclei, especially in actively 

proliferating cells such as endothelial cells or macrophages, suggesting that TYMP may 

directly participate in regulating the transcriptional expression of genes.

Whether and how TYMP regulates gene expression is unknown. DNA methylation plays an 

important role in the programming of gene expression; in mammals, about 40% of genes 

contain dinucleotide cytosine-guanine (CpG) islands, the targets of DNA methylation in 

their promoters [58]. Liu et al. demonstrated that through increasing expression of DNA 

methyltransferase 3A (DNMT3A), TYMP up-regulates methylation of several genes related 

to bone formation [52]. This effect is also mediated by TYMP-induced PI3K/AKT activation 

[52], as also reported in many other studies [18]. We previously also showed a positive 

correlation between TYMP expression and increased expression and activities of MMP-2/9 

and uPA in a canine model of transmyocardial laser revascularization [46, 57]. Interestingly, 

the treatment of invasive breast cancer cells, MCF-7 and ZR-75-1, with the 

methyltransferase inhibitor 5′-aza-2′-deoxycytidine (5-AzaCdR) dramatically enhanced the 

invasiveness of these cells by inducing the expression of uPA and MMP-2 [59]. Therefore, 

uncovering the role of TYMP in DNA methylation and its relationship to the expression of 

pro-angiogenic factors in endothelial and vascular smooth muscle cells may help us 

understand how TYMP enhances angiogenesis.

Lastly, TYMP may promote angiogenesis by enhancing the survival of endothelial 

progenitor cells (EPCs). Preclinical and clinical studies have suggested that EPCs contribute 

to the reparative processes of the vascular endothelium, including participating in 

angiogenesis [60, 61]. Using proteomics analysis, Pula and colleagues demonstrated that 

EPCs secrete TYMP [62]. Inhibition of TYMP with an inhibitor diminished EPC colony 

formation and increased cell apoptosis; such inhibitory effects were reversed by 2DDR, 

suggesting that TYMP has a paracrine effect on EPCs [62].

Taken together, the role of TYMP on angiogenesis is still unclear and additional studies are 

necessary. In particular, focusing on the signaling pathways mediated by TYMP in 

endothelial cells may clarify its angiogenic effect and lead to the development of additional 

pro- or anti-angiogenic therapeutics.

3.3) TYMP has an anti-apoptotic effect

In 1998, Kitanozo et al. found that expression of TYMP in colon and esophageal tumors was 

a prognostic factor independent of microvessel density [11]. This finding led them to 

speculate that TYMP may affect tumor progression independently of its angiogenic effect. 

The same group found that overexpression of TYMP in epidermoid carcinoma KB cells 

prevented hypoxia-induced apoptosis [11] in the first paper to show evidence that TYMP 

inhibits apoptosis. Since then, several studies from different institutes found reverse 

correlations of apoptosis and the expression of TYMP in different cancers, including 

colorectal carcinomas [63], esophageal carcinomas [64, 65], epithelial ovarian cancer [66], 

and gastric carcinomas [67]. We presented direct evidence that the injection of a mammalian 

expression plasmid vector encoding human TYMP into canine ischemic heart significantly 

inhibited apoptosis [45, 68]. The potential mechanisms that mediate the inhibitory role of 
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TYMP on apoptosis correlated to the suppression of p38 mitogen-activated protein kinase 

(MAPK) [69], the inhibition of Fas-induced caspase-8 activation [70], a decrease in 

expression of Bax and the attenuation of caspase-3 activation [45, 68], as well as an increase 

in PI3K/AKT activity [71]. However, how TYMP affects the activity of these molecules is 

unknown. Mori and colleagues showed that inhibition of TYMP by TPI did not affect Fas-

induced apoptosis [72], indicating that the role of TYMP in Fas-induced apoptotic signal 

transduction was independent of its enzymatic activity. Ikeda et al. also demonstrated that 

both wild type and activity-null mutant TYMP overexpression inhibited cisplatin-induced 

apoptosis in human leukaemia Jurkat cells [73], further suggesting that TYMP has an 

unknown biologic role that is independent of its enzymatic activity. Based on our recent 

finding that TYMP acts as a signaling molecule [18], we believe that the anti-apoptotic 

effect of TYMP is mediated by this protein but not its enzymatic substrates. Additional 

studies focusing on TYMP signal transduction under apoptotic conditions are necessary to 

resolve this issue.

3.4) TYMP as a novel pro-thrombotic protein

Platelets are the major source of TYMP [5], with each human platelet containing from 5,400 

to 11,600 copies of TYMP [74, 75]. This is more than several major platelet surface 

receptors, such as GPVI, or signaling molecules such as Lyn and Fyn. However, whether and 

how TYMP affected platelet function under either physiological or pathophysiological 

conditions was unknown prior to our recent publication [18]. TYMP is highly expressed in 

several chronic diseases including atherosclerosis, several solid cancers, and type II diabetes 

as well as in viral infections as will be discussed in the following section. Increased 

expression of TYMP in human hepatocellular carcinoma correlated with a high incidence of 

portal vein tumor thrombosis [76]. The perfusion of erythrocyte-encapsulated TYMP into 

mice also increased the incidence of thrombosis in the lung [77]. These findings suggested 

that TYMP may play a role in platelet activation and increase the risk of thrombosis. Such a 

hypothesis was clearly confirmed in our recent study [18], which combined studies using an 

in vivo FeCl3-induced mouse carotid artery thrombosis model [78, 79] and in vitro studies 

using both human and mouse platelets. We found that: (1) TYMP deficiency in mice 

significantly prolongs the time to occlusive thrombosis formation in response to FeCl3-

induced carotid artery injury; (2) TYMP deficiency significantly attenuates platelet adhesion 

to collagen and reduces platelet agonist-induced platelet aggregation and activation; (3) 

TYMP forms a complex with Lyn, Fyn and Yes in human platelets and modulates the 

activities of Lyn and downstream signaling molecules of Lyn, such as PECAM1 and AKT; 

(4) Lyn haploinsufficiency diminishes the phenotype found in Tymp+/− mice; and (5) 

Pharmacologic inhibition of TYMP activity reduces agonist-induced human and murine 

platelet aggregation in vitro and prolongs murine thrombosis times in vivo without affecting 

hemostasis. Although high TYMP expression in gastric cancer positively correlates with 

thrombocytosis [80], TYMP deficiency does not affect platelet counts [18]. Interestingly, 

aspirin, an anti-platelet drug, inhibits TYMP production in a human monocyte cell line, 

THP1 [81], suggesting that the long-term use of aspirin may also inhibit TYMP production 

in platelets and thus result in an anti-thrombotic effect. This study indicates that targeting 

TYMP may lead to novel anti-platelet and anti-thrombotic therapies.
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In our studies, substrates of TYMP, including thymidine, 2DDR and 2DDRP, did not affect 

ADP- and collagen-induced platelet activation [18]. Using mass spectrometry, Vara and 

colleagues demonstrated that 2DDRP is present in platelets at concentrations of 80–400 μM; 

the addition of 2DDRP to human platelets dramatically increased low-dose thrombin-

induced platelet aggregation [82]. Such interesting data support our studies and the 

suggestion that TYMP metabolites secreted from platelets potentiate the aggregative 

response to low-dose agonist stimulation, thus enhancing thrombosis in vivo. Whether this 

effect is mediated by a 2DDRP-induced TYMP conformational change is unknown. 

Additional studies are necessary to identify the detailed mechanism that mediates a TYMP-

associated prothrombotic effect, including the effect of TYMP on GPVI and GPCR 

signaling pathways.

3.5) TYMP inhibits DNA synthesis and proliferation of vascular smooth muscle cells

Immunohistochemical staining was used to detect TYMP in VSMC as early as 1995 [83]. 

Somjen et al. were the first to report that treatment of human umbilical arterial smooth 

muscle cells in culture with TYMP/PD-ECGF protein significantly inhibited cellular DNA 

synthesis [13]. We further demonstrated that the TYMP-mediated inhibitory effect on 

VSMC proliferation was mediated by the induction of p27KIP1 and heme oxygenase-1 [14, 

84]. Additionally, our recent study revealed that the Src family kinase, Lyn, played an 

important role in mediating the inhibitory effect of TYMP on VSMC [15]. We found that 

TYMP induced the activation of a signal transducer and activator of transcription 3 (STAT3) 

in a Lyn-dependent manner. This subsequently upregulated the expression of 

unphosphorylated STAT3, which also plays a critical role in inhibiting VSMC proliferation 

[15]. Interestingly, Kirchmer et al. recently demonstrated that STAT-3 promoted VSMC 

contractile gene expression, with high levels of STAT-3 driving VSMC into a more mature 

phenotype [85], which supports our findings. Our recent study further demonstrated that 

TYMP overexpression increased ATP or extracellular calcium overload that induced 

intracellular calcium sparking as well as enhanced VSMC contraction (unpublished data, not 

shown), suggesting that TYMP may drive VSMC into a more mature contractile phenotype, 

and thus may regulate vessel wall tension and blood pressure. Taken together, our 

knowledge regarding TYMP in VSMC is limited. Elucidating the mechanistic role of TYMP 

on VSMC biology may provide novel insights into understanding the development of 

atherosclerotic diseases and hypertension.

3.6) TYMP inhibits glial cell growth

As mentioned previously, TYMP is also known as gliostatin, which was originally purified 

from extracts of neurofibroma [6]. TYMP shows a strong inhibitory effect on all glial cells at 

nanomolar concentrations [8]. Glial cells are non-neuronal cells that maintain homeostasis, 

form myelin, and provide support and protection for neurons in the central and peripheral 

nervous systems [86]. Interestingly, the expression of TYMP increases in neurons after 

ischemic injury [87], suggesting TYMP may directly act on neurons to protect these from 

ischemic injury. However, the detailed mechanisms of action of TYMP on both neurons and 

glial cells are not well studied. A recent investigation has also led to the suggestion that 

TYMP, together with VEGFA, promotes the breakdown of the blood–brain barrier (BBB) 

[88], highlighting the urgency of investigating how TYMP affects the neurological system. 
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Clarification of the role of TYMP within the nervous system may lead to the development of 

novel therapeutics for ischemic stroke and other brain traumas.

4. The role of TYMP in the development of chronic diseases

4.1) TYMP and cancer development

Several excellent reviews have summarized the role of TYMP in cancer [89–91]. TYMP is 

highly expressed by several solid cancers, including head–neck [92, 93], breast [94, 95], 

lung [96, 97], oral squamous carcinoma [98], esophageal [99], gastric [100–102], colorectal 

[103, 104], bladder [40, 105], prostate [106, 107], ovarian [108, 109], and cervical [110, 

111] cancers. However, some cancers, such as the oral squamous carcinoma cell lines HSC3, 

SasH1 and SasL1 as well as SCC9, do not express TYMP (Figure 5). The reason for this is 

unknown, but strongly suggests that TYMP is not essential for the development of cancers. 

Comparing a normal urine proteome, Kiprijanovska and colleagues revealed that 11 proteins 

are distinctively expressed in prostate cancer [107]. Of these, TYMP was one of three 

proteins that was associated with cellular growth and proliferation [107]. Since evidence 

does not exist for a TYMP gene mutation in the development of tumor cells, these facts 

suggest that TYMP may be important for tumor growth by enhancing angiogenesis and 

inhibiting apoptosis, but is not characteristic of tumor development.

In the cancer microenvironment, both tumor cells and cells in the surrounding matrix, 

including fibroblasts, macrophages and lymphocytes, express TYMP. The high expression of 

TYMP in infiltrating, non-malignant cells suggests this may be influenced by local 

inflammation and stress conditions such as hypoxia in the cancer environment, rather than 

genetic changes that may function as paracrine stimuli for cancer growth. Many studies have 

indicated that high levels of TYMP in cancer are also associated with poor patient outcomes.

In addition to a pro-angiogenic effect as discussed above in section 3.2), TYMP may also 

enhance epithelial to mesenchymal transition (EMT) or endothelial–mesenchymal transition 

(EndMT), and thus may increase tumor invasiveness and angiogenesis by upregulating the 

expression of genes associated with these events. We have found that TYMP expression is 

associated with the up-regulated expression of MMP1, 2 and 9, as well as uPA, in a canine 

model of transmyocardial laser revascularization [46, 57]. A recent study has demonstrated 

that TYMP drives the opening of the BBB and increases BBB permeability by 

downregulating claudin 5 and occludin expression [88]. The decreased expression of claudin 

and occludin is necessary for the dissociation of tight junctions during EMT [112]. 

Overexpressed TYMP also significantly up-regulates Rho-associated coiled–coil domain 

kinase (ROCK1) expression and dramatically enhances cell motility [113]. This evidence 

suggests that TYMP may play an important role in EMT, and consequently may contribute 

to cancer invasion into tissues.

Targeting TYMP may be considered a potential immunotherapy for cancer. Guillem and 

colleagues recently provided the first epidemiological evidence of the TYMP gene SNP 
(rs112723255) effectively acting as a minor histocompatibility antigen [114]. This finding is 

in agreement with a previous study and suggests that TYMP is a potential target for cancer 

immunotherapy [115]. This may be due to that peptide-associated epitope, which can be 
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influenced by polymorphisms [115], is involved in an antigenic recognition. Patients 

carrying the T allele of TYMP, rs11479, are likely to show a high level of TYMP expression 

in tumor tissue [116], suggesting this may be a specific target for TYMP targeted antitumor 

immunotherapy.

4.2) TYMP may have dual roles in atherosclerosis

The formation of atherosclerotic plaque is characterized by pathologic intimal hyperplasia 

and lipid accumulation in the vessel wall; macrophages play a crucial role in the progression 

of this process [117]. TYMP has been found in the atherosclerotic plaque [118, 119] and is 

considered to induce plaque angiogenesis that contributes to plaque growth and rupture. 

Macrophages contain a large amount of pro-angiogenic factors. Therefore, plaque 

angiogenesis may just be a physiological response to the pro-angiogenic factors released by 

these cells, rather than playing an atherogenic role [120]. Indeed, as mentioned above, we 

and other groups have found that TYMP inhibits VSMC proliferation [13–15, 121]. The 

adventitial delivery of the human TYMP gene significantly decreased neointimal hyperplasia 

in both balloon-injured rat carotid arteries and rabbit venous grafts that were implanted into 

the carotid artery [14, 121]. Both TYMP gene overexpression and the addition of exogenous 

TYMP inhibited VSMC proliferation [15], suggesting that high TYMP expression in the 

atherosclerotic plaque may actually attenuate the response of the VSMC vessel wall to 

pathophysiological stimulation. However, how plaque TYMP affects patient outcomes is still 

unclear since further human studies were not conducted after these early reports [118, 119].

IL-1β, a key driver of inflammatory lesion pathogenesis and reactive astrogliosis, 

exacerbates atherosclerosis development. Alexander and colleagues have reported that IL-1 

has a protective effect on late atherosclerosis development through an IL-1β–dependent 

decrease of SMC proliferation [122]. IL-1 is known to upregulate TYMP expression through 

the NFκB pathway. Therefore, their finding may be due to IL-1β–induced TYMP expression 

as increased TYMP will contribute to switching the SMC phenotype from a proliferative to a 

mature, contractile one [15]. Inhibition of IL-1 may reduce TYMP expression and thus 

attenuate the inhibitory effect of TYMP on VSMC. TYMP has been examined in the plaque; 

however, its detailed distribution and origin is unclear.

In addition to TNFα and IL-1 mentioned above, other inflammatory cytokines, including 

IL-6, IL-8, IL-17, interferon- γ (IFN- γ), and granulocyte-colony stimulating factor (rhG-

CSF) among others, also induce TYMP expression [123–125]. Exposure of tumor cells to 

stress factors, such as hypoxia, hypoglycemia, chemotherapy and radiotherapy, also 

stimulate the expression of TYMP [126–130]. These findings suggest TYMP may be a 

mediator in the response to inflammatory and stress stimulation. In addition to its function in 

hemostasis and thrombosis, platelets are essential for inflammation. Activated platelets 

release their components, which comprise a multitude of inflammatory and vasoactive 

substances, and attract atherogenic leukocytes from the circulation [131]. Therefore, 

platelet-associated inflammation has been recognized as a culprit that enhances 

atherosclerosis [132]. From this viewpoint, TYMP-enhanced platelet activation may thus 

promote the development of atherosclerosis.
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Overall, the role of TYMP in atherosclerosis has been poorly studied. Elucidating its 

contribution to inflammation, as well as its integrated role in the functions of platelets, 

endothelial cells, VSMC and macrophages, will provide novel insights in understanding the 

vascular microenvironment. This may lead to the development of strategies to enhance 

healthy vessel remodeling, and thus contribute to the development of novel therapeutics for 

atherosclerotic diseases.

4.3) The TYMP gene may be responsible for mitochondrial neurogastrointestinal 
encephalomyopathy

MNGIE is an extremely rare inherited autosomal recessive disease showing multiple 

deletions in mitochondrial DNA; it is the only disease that is reportedly related to a loss of 

function mutation of the TYMP gene [12, 133]. For more detailed information, please find a 

recent update by Dr. Hirano [134]. A diagnosis of MNGIE relies on the following criteria: 

(1) biallelic pathogenic variants in TYMP; (2) significantly reduced TYMP activity; and (3) 

dramatically increased plasma concentrations of thymidine and deoxyuridine [134]. 

Hitherto, allogeneic hematopoietic stem cell transplantation is the only therapy that has been 

demonstrated to achieve long-term clinical efficacy [135]. However, high morbidity and 

mortality rates are associated with this procedure and this thus necessitates further research 

to find safer alternatives. TYMP protein is highly expressed in the liver. Therefore, 

orthotopic liver transplantation has been suggested to be a therapeutic alternative for patients 

with MNGIE [136]; however, the long-term outcome of this potential strategy remains to be 

investigated. By using a liver-targeted AAV vector, Torres-Torronteras and colleagues 

demonstrated that liver-directed TYMP expression is feasible as a potentially safe genetic 

therapeutic agent for MNGIE [137]. However, hitherto, such gene therapy has not been 

undertaken in humans.

Of note, some studies have suggested that a functional mutation of the TYMP gene is not 

necessary to induce MNGIE. A study by Kumagai and colleagues indicated that a mutation 

of the TYMP gene was not the primary cause of MNGIE because TYMP mutations were 

also present in several unrelated healthy individuals [138]. Furthermore, in patients who 

were diagnosed as having 22q13.3 deletion syndrome, a TYMP deletion was found in some 

cases [139, 140]; however, such patients did not show symptoms similar to those diagnosed 

with MNGIE. Such data suggest that the development of MNGIE may be more complex 

than the presence of a single TYMP gene mutation.

5. Regulation of TYMP expression

5.1) Regulation of TYMP expression at the transcriptional level

Regulatory mechanisms of TYMP expression have not been well studied, either in 

hematopoietic cells or in cancers. By analyzing the promoter region of TYMP for up to 

−3,000 bp using ConSite, a Web-based tool for finding cis-regulatory elements in genomic 

sequences [141, 142], we found two n-myc and six Snail binding sites using a 100% cutoff 

transcription factor (TF) score (relative matrix score thresholds [default 80%]). Max, USF, 

ARNT, SAP-1, E74A, COUP-TF and SOX17 are also potential TFs if the TF cutoff score is 

lowered to 95%. Such TFs participate in the regulation of angiogenesis, cellular survival, 
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apoptosis, adhesion and migration as well as EMT, processes in which TYMP also plays a 

role. However, the circumstances under which such TFs regulate TYMP expression have not 

been elucidated. A transcriptional activator (Gli3) regulates the expression of several 

proangiogenic factors, including TYMP, both in vitro and in vivo [143]. A minimal GLI-

consensus sequence 5′-GGGTGGTC-3, a Gli3 binding site, is present in the TYMP 

promoter region (not shown). SP1, a zinc finger TF that binds to GC-rich motifs of many 

promoters, mediates TNFα-induced TYMP gene expression in rheumatoid fibroblast-like 

synoviocytes [144] and in human colon carcinoma cells [145]. Two SP1 binding sites were 

found using ConSite when the TF cutoff score was lowered to 90%. These data suggest that 

in spite of a lack of direct evidence, the TFs identified above by ConSite with high TF cutoff 

scores may actually regulate TYMP expression. Clarifying how such TFs regulate TYMP 

expression may lead to the development of novel therapeutic strategies to treat cancer and 

other diseases in which high TYMP expression has been shown to contribute to the 

development of disease.

Multiple lines of evidence from the published literature also suggest that the expression of 

TYMP may be regulated by female sex hormones. In normal endometrium, TYMP 

expression has a cyclical pattern and mirrors changing endometrial patterns of the menstrual 

cycle [146, 147], suggesting that estrogen or other ovarian hormones may regulate TYMP 

expression. Activated estrogen receptors (ER) interact with the transcription factor, SP-1 

[148]. As mentioned above, SP-1 is known to upregulate TYMP expression [149]. 

Tamoxifen, which acts as both an ER agonist and antagonist in a cell-dependent manner, 

upregulates [150] or downregulates [151] TYMP expression. Several studies have also 

indicated that progestogens upregulate TYMP expression [152–154]. However, the function 

of female sex hormone-mediated TYMP expression is unknown. It may play a role in 

promoting neovascularization after regression of microvessels in the endometrium. It may 

also mediate contraceptive pill-associated thrombophilia, since TYMP plays an important 

role in thrombosis [18].

5.2) Regulation of TYMP expression at the epigenetic level

The expression of TYMP may also be epigenetically regulated. Histone deacetylases 

(HDACs), by removing the acetyl groups, increase the positive charge of histone tails to 

encourage high-affinity binding between histones and the DNA backbone. The increased 

histone/DNA binding prevents transcription, and thus controls cellular functions including 

cell proliferation, survival and differentiation. Terranova–Barberio and colleagues found that 

HDAC inhibitors (HDACi) up-regulated TYMP expression at both the transcriptional and 

protein levels in breast cancer cells, but not in the non-tumorigenic breast cell line, 

MCF-10A, in a dose- and time-dependent manner [155]. By knocking down HDACs using 

siRNA or isoform-specific HDACi, they concluded that HDAC3 was the main isoform 

involved in the modulation of TYMP by inhibition [155]. Another mechanism of epigenetic 

regulation of TYMP is mediated by DNA methylation, in which a methyl group is added to 

the TYMP promoter segment at CpG sites by DNA methyltransferase [156]. By studying 

cancer cell lines with different TYMP expression levels, Guarcello et al. found TYMP 

expression was down-regulated in cancer cells by a mechanism that involved methylation of 

the TYMP promoter [156]. Increased methylation of the TYMP promoter was also found in 
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mesothelioma compared to normal pericardium [157], and was responsible for the lack of 

any effect of capecitabine treatment in this disease, since TYMP is required by capecitabine 

to convert it to an active form.

5.3) Regulation of TYMP expression at the post-translational level

A paucity of information exists regarding how TYMP function is affected by post-

translational modification. TYMP is not glycosylated [20]. Human TYMP has a consensus 

sequence (ser/Thr-X-Lys/Arg) for phosphorylation by protein kinase C (PKC) [158]. 

However, a PKC inducer does not induce TYMP phosphorylation in vivo [159]. Based on 

results analyzed by online Ubiquitination Prediction software (CKSAAP_UbSite Prediction 

and UbPred), human TYMP does not have any potential ubiquitination sites (data not 

shown). Heat shock protein (HSP) 90, as a chaperone protein, can bind to TYMP and 

prevent the ubiquitin-26S proteasome pathway mediating TYMP degradation [160]. 

However, inhibition of HSP90 using 17-allylamino-17-demethoxygeldanamycin (17-AAG) 

resulted in the decreased expression of TYMP not only at the protein level, but also at the 

mRNA level, suggesting a lack of post-translational regulation.

6. TYMP is a potential drug target

6.1) TYMP as a target of anti-cancer drugs

Nucleoside analogs have been used as antiviral and anticancer agents. However, the 

efficiency of some of these drugs can be diminished by TYMP-mediated degradation. 

Inhibition of TYMP activity thus may increase the therapeutic efficiency of these drugs. In 

addition, as mentioned above, TYMP has strong pro-angiogenic and anti-apoptotic effects, 

and is highly expressed in several cancers or cancer matrix cells. Therefore, TYMP has 

become a target of anti-cancer drugs since inhibition of TYMP can achieve synergic anti-

cancer therapeutic activities through: 1) increasing the efficiency of anticancer drugs; 2) 

inhibiting angiogenesis; and 3) enhancing apoptosis. Several excellent review papers have 

summarized recent approaches in the search for novel TYMP inhibitors and outlined the 

potential therapeutic applications of such inhibitors [89, 161]. Among these compounds, 

only TPI, the most potent TYMP inhibitor, [162] has been approved by the US FDA for 

clinical use. TPI is a component of an oral anti-cancer drug, TAS-102 (brand name 

LONSURF® [trifluridine and tipiracil hydrochloride]), that is associated with a significant 

improvement in the overall survival of patients with refractory colorectal cancer [104]. Other 

inhibitors, such as KIN59, which also has a strong inhibitory effect on angiogenesis without 

interacting with the substrate-binding sites of TYMP [163], also look promising. However, 

additional studies are needed to clarify their therapeutic potential.

6.2) TYMP as a target of anti-thrombotic drugs

As mentioned above, our recent study demonstrated that targeting TYMP dramatically 

inhibits thrombosis without affecting hemostasis [18]. This provides a promising new 

direction for developing a novel anti-platelet and anti-thrombotic drug by targeting TYMP 

for various diseases associated with a high risk of thrombosis. Venous and arterial 

thromboembolism events (VTEs and ATEs) are a major cause of death in patients with 

cancer, accounting for one fifth of all VTEs occurring in the community [164]. Several 
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hypotheses have been tested to identify the causal relationship between active cancer and the 

development of VTE, with the coagulation system most likely activated during disease 

[164]. Platelets are thought to contribute to the hypercoagulable state in patients with cancer 

[165]. In addition to their central role in hemostasis and thrombosis, platelets also contribute 

to the development of a variety of diseases, including malignancies. Therefore, targeting 

platelets may achieve: 1) the prevention of VTEs or ATEs, and 2) negatively influence the 

development of cancer, thus significantly improving the quality of life of patients with 

cancer. Taken together, targeting TYMP may be a novel anti-thrombotic therapy, especially 

for cancer-associated thrombophilia.

6.3) Safety of TYMP inhibitors

Information regarding the potential side effects of TYMP inhibition is lacking. We found 

that the inhibitory effect of KIN59 on collagen-induced platelet aggregation was reversible, 

with the ability of platelets to respond to collagen returning to normal approximately 30 

minutes after KIN59 treatment [18]. This is in line with a previous finding by Liekens et al. 

[166] on the reversible inhibition of TYMP by KIN59. Signs of toxicity or inflammation 

around the site of drug exposure were not found in mice treated with KIN59 [166]. However, 

whether TPI also reversibly inhibited TYMP function has not been reported. TPI partially 

suppressed the growth of TYMP-expressing tumors but did not significantly suppress tumor 

angiogenesis, also suggesting a lack of toxicity in vivo by TPI [167]. Human uridine 

phosphorylase 2 shares substrates, including thymidine, with TYMP [168, 169], and may 

thus compensate for TYMP inhibition. Our recent study also demonstrated that TPI inhibits 

platelet activation in vitro, and thrombosis in vivo without disturbing hemostasis 

(unpublished data, not shown). Taken together, the above suggest that targeting TYMP may 

be a safe, effective therapy for inhibiting thrombosis without any obvious side effects. 

However, long-term rigorous studies are necessary to confirm this conclusion.

7. Conclusion

In the present review, we aimed to summarize the main molecular mechanisms of TYMP as 

they relate to various diseases. We focused on reported roles and undertook predictive 

analysis. Based on this body of knowledge on TYMP, we suggest targeting TYMP as a 

potential new therapy for preventing various diseases, especially those with a high risk of 

thrombosis.
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Figure 1. 
History of TYMP development and timeline of the discovery of functions.
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Figure 2. A crystal structure of human thymidine phosphorylase (TYMP)
A. Stereo view of the human TYMP monomer showing the main-chain trace of the α 
domain (cyan), hinge regions (green), and the mixed α/β domain (brown). The TYMP 

inhibitor, 5-chloro-6-(1-(2-iminopyrrolidinyl)methyl) uracil (TPI; light purple) is shown as a 

cpk model in the active site situated between the α and α/β domains. B. Stereo view of the 

human TP dimer generated by applying two-fold crystallographic symmetry to the 

monomer. Human TYMP monomers are colored cyan and brown, and TPI (light purple) is 

shown as a cpk model. The position of the proteolytically cleaved loop is indicated by an 

arrow. (Adopted from Norman et al. Structure 2004, 12:75–85, Figure 3, with permission 

from Elsevier).
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Figure 3. Analysis of TYMP protein sequences
A. The key amino acid residues, in which a mutation diminishes TYMP activity, are 

preserved in all species. B. Alignment of the N-terminus of TYMP proteins revealed that a 

proline-rich N-terminus is only present in mammals.
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Figure 4. 
Catalytic functions of TYMP.
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Figure 5. TYMP protein expression in different cancer cell lines
Cancer cells in culture were grown to 80% confluence. Cells were lysed and protein samples 

electrophoresed and western blotted using anti-TYMP antibody (sc-56584, Santa Cruz, 

Dallas, TX, USA). GAPDH was used as a loading control. The experiment was repeated 

with a similar result.
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