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Abstract
Thymidylate synthase is a target of 5-fluoruracil, a pyrimidine analog used to treat gastrointestinal
and other cancers. The 5-fluorouracil metabolite, fluoro-deoxyuridine monophosphate, forms a
ternary complex with thymidylate synthase and 5,10-methylene tetrahydrofolate. The purpose of
this study was to evaluate the time-honored connection between thymidylate synthase and 5-
fluorouracil. From our literature search spanning reports from 1995 to 2007 published in journals
having an impact factor greater than two, we stratified the tumors within each article, according to
low versus high thymidylate synthase expression. These groups were subdivided into responders,
stable disease or disease progression. The relationship between thymidylate synthase expression
and 5-fluorouracil response was analyzed for the overall group, as well as for subsets. Overall, the
literature supported an approximately two-fold inverse relationship between thymidylate synthase
expression and response to 5-fluoruracil. We found no change in the trend for a relationship
between thymidylate synthase and 5-fluorouracil when the literature was stratified by date of
publication, impact factor of the journal in which the report was published, or substrate (mRNA
versus protein) for measuring thymidylate synthase expression. Of note, there is no significant
change in the trend when comparing 5-fluorouracil treatment alone or in combination with
leucovorin. We found a decline of this trend when certain chemotherapeutics were used in
combination with 5-fluorouracil. In sum, the connection between thymidylate synthase expression
and patient response to 5-fluorouracil does not satisfy expectations for an effective drug-target
relationship; and thus, studies of the thymidylate synthase tandem repeat status might only be
clinically valuable in regards to patient toxicity. Thus, we question the reliability of thymidylate
synthase expression as a clinical predictor of 5-fluorouracil response. Future research could
perhaps be directed towards alternate targets and metabolites of 5-fluorouracil, in an effort to find
a clinically relevant biomarker panel for response and to optimize fluoropyrimidine-based therapy.
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Introduction
A short history of 5-fluorouracil

5-fluorouracil (5-FU) was originally developed as a chemotherapeutic agent over 50 years
ago and remains in wide use as treatment for a variety of tumor types, both alone and in
combination with other drugs.1,2 The genesis of 5-FU was based on the observation that
uracil utilization differs between malignant and non-malignant cells, as studied in a rat
model of hepatoma.3,4 As an early example of rational drug design, Heidelberger and
colleagues synthesized 5-FU in 1957 by substituting a fluorine atom for a hydrogen atom in
the pyrimidine ring to create a competitive antagonist of uracil (Fig. 1A).5 In the interval
since its introduction into the clinic in the 1950’s, considerable information regarding the
metabolism of 5-FU has contributed to the understanding of its mechanisms of action.2,6 5-
FU enters cells via facilitated transport, where it is then converted into several metabolites
(Fig. 1B). The rate-limiting step of the catabolic process is the conversion of 5-FU to the
inactive metabolite dihydrofluorouracil (DHFU) by the enzyme dihydropyrimidine
dehydrogenase (DPD).2 5-FU has multiple metabolites, however, the metabolite fluoro-
deoxyuridine monophosphate (FdUMP), and its relationship to thymidylate synthase (TS or
TYMS) expression has been the primary focus of the field of research (Fig. 1B).

After 5-FU was established in initial clinical trials, much subsequent research focused on
improving its efficacy through the use of modulatory methods such as changes in infusion
schedules or the co-administration of agents with biomodulatory or synergistic effects, that
are intended to improve the efficacy of 5-FU-based chemotherapy regimens.6,7 Currently, 5-
FU is included as a component of chemotherapy protocols for breast, head and neck, and
alimentary tract cancers.2,8,9 Its impact has perhaps been strongest in colorectal cancer
treatment, where it is a standard element of adjuvant therapy for node-positive patients.10

Phase III trials have demonstrated a 5–6% benefit in 5-year overall survival using adjuvant
5-FU in properly-selected patients, representing a one-third relative reduction of five-year
mortality from colorectal cancer.11

The evolution of the relationship between 5-fluorouracil and thymidylate synthase
The efficacy of 5-FU is thought to be related to TS inhibition by the formation of a stable
complex.12 In a seminal publication, Santi and others reported in the 1970’s that TS forms a
stable complex (labeled the ternary complex) by a covalent modification by the 5-FU
metabolite, FdUMP and to 5,10-methylenetetrahydrofolate (MTHF) (Fig. 1A).13-15 More
recent work has demonstrated that ternary complexes can be detected in tumor specimens
collected from patients. To this end, Johnston et al. introduced an immunoblot technique for
the identification of the ternary complex produced after 5-FU administration.16-18 Recently,
Brody et al. advanced this technique to visualize TS ternary complexes (described as classic
complexes) in an in vivo mouse model and proposed that this technique be used clinically to
monitor drug metabolism and targeting to tumor cells in patients.19 With this facile assay,
clinicians could stratify patients upfront as being able to properly metabolize the drug or not;
or, perhaps even alter the dosing in individual patients that are inefficient in the formation of
the ternary complex.19 The detection of the ternary complexes in tumors may confirm the
presence of the ternary complex in the tumor sample, however it may not necessarily be a
clinically useful marker for response.
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Historically, an inverse relationship is reported between TS expression levels and response
to 5-FU (Fig. 1A).20-23 This relationship has been investigated using a variety of techniques.
While the initial reports of TS measurement in tumor samples relied upon enzymatic activity
or binding,23-26 it was the subsequent development of immunological methods of TS
detection that allowed for the quantification of TS levels in patient tumor samples.16,27

Johnston and colleagues first used immunohistochemical analysis to demonstrate a
correlation between low TS levels and improved 5-year progression-free survival (PFS),
49% versus 27%, and overall survival (OS), 60% versus 40%, for rectal cancer patients who
received adjuvant chemotherapy on the pivotal NSABP R-01 trial (Fig. 1A).28

Subsequently, Johnston et al. reported a strong correlation between TS mRNA and protein
expression in colorectal and gastric tumor specimens. These investigators found both indices
(protein and mRNA) levels to be predictive of response to 5-FU.20

A modern perspective of thymidylate synthase expression as a 5-fluorouracil target
After decades of research on the subject, the inhibition of TS by 5-FU continues to be
considered a classic drug-target interaction.29 If one is to regard this relationship as an
example of targeted therapy, then we propose that this interaction be reconsidered through
the perspective of the anticipated qualities of a modern pharmacologic relationship. A
framework for the evaluation of the TS/5-FU relationship has been provided by advances in
molecular biology that have created new expectations for efficient, well-characterized drug-
target relationships with effects that translate into clinical applications in a predictable
fashion. Unfortunately, despite intentions for rational drug design, there are no widely
accepted guidelines or protocols for the validation of promising drug-target relationships.30

A good candidate target in cancer cells is defined as either being altered or having
dysregulated expression in cancer cells compared to normal cells. Overwhelming evidence
exists that cancer cells have a disrupted cell cycle and an increased need for DNA synthesis.
Therefore, TS is viewed as a good candidate target because it functions as an essential
enzyme for DNA synthesis and it is often upregulated or over active in cancer cells.

Hucl et al. recently published an insightful exposition of the rational use of preclinical
treatment models to the development of therapeutic strategies in which they articulated the
concept of a pharmacogenetic window for the assessment of potential opportunities for
targeted therapies.31 A pharmacogenetic window as determined by the ratio of IC50 values
in preclinical models, is defined as the magnitude of the advantage conferred by the
presence of the genetic condition that is the basis for the therapy. In the case of genetic
mutations, a pharmacogenetic window of 10- to 30-fold, is promising for further drug
development.31 One might extend this definition to include changes in gene expression
levels, with the threshold differences for favorable pharmacogenetic windows lowered to 5-
to 10-fold. Smaller windows, on the order of 1.5- to 3-fold difference, may be acceptable for
lead compounds that will undergo further refinement.31,32

The relationship between bcr-abl, and the drug, imatinib, is a useful example in the
discussion of the pharmacogenetic window. The bcr-abl fusion protein was identified in
chronic myeloid leukemia (CML) cells, and it was demonstrated in preclinical studies that
imatinib selectively inhibited growth of cells expressing bcr-abl (Fig. 2A).33 These
discoveries translated into impressive clinical results when imatinib was administered to
patients with CML (Fig. 2B).34 In this sense, overactivity of the protein, found as a
consequence of the bcr-abl translocation in CML patients, represents a true drug target. An
overwhelming number of patients with bcr-abl positivity respond to targeted therapy and the
success of this approach has generated a paradigm shift in regards to expectations of
targeted therapy in cancer (Fig. 2). Imatinib and another drug, gefitinib, are agents that
exhibited windows of 10- to 20-fold magnitude when applied to appropriately selected
subjects.31 Thus, the pharmacogenetic window concept and the imatinib success story help
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to frame the expectations of an effective rational drug-target interaction. We will extend
these notions to the relationship between the target enzyme (TS) and the drug (5-FU).

Much research has attempted to elucidate the nature and significance of the interaction
between TS expression levels and 5-FU. In general, resistance to 5-FU has been associated
with increased TS expression.35-37 It is important to note that clinical scientists may define
TS positivity quite differently from one another, hence methods and results may be
somewhat subjective and ambiguous as compared to relying on sequencing data (e.g., bcr-
abl translocations). Given the extensive literature concerning TS expression and 5-FU, it is
useful to evaluate this particular drug-target relationship from a modern, molecular
perspective. In this report, we review the existing literature in order to critically appraise the
usefulness of continuing to study the TS/5-FU relationship.38

Results
Overall analysis

Thirty-seven articles were included in the analysis, encompassing a total of 1,839 tumor
specimens. Based on cumulative data for tumors organized according to TS expression
levels and response to 5-FU chemotherapy in 29 selected articles,39-67 the response to 5-FU
in tumors with low TS expression was 52% and 36% in tumors with high TS expression,
respectively (Fig. 3A). Forty-eight percent of the tumors with low TS expression showed no
response to 5-FU therapy versus 64% of the tumors with high TS expression. The 5-FU
response window between the two TS expression groups was 1.4, and the resistance window
was 1.3 (Fig. 3A, Calculations A & B). The differences between the percentages of
responding and non-responding tumors with low TS expression in the 29 articles reviewed
ranged from positive 100% to negative 95% (Fig. 3B). The differences between the
percentages of non-responding and responding tumors with high TS expression ranged from
negative to positive 100% (Fig. 3C).

Study-related variables
The weighted-average of the impact factor of the journals for all 37 articles reviewed was
6.55. For the subgroup of studies from journals with an impact factor ≥5, the response
window was 1.5 and the resistance window was 1.4. The response windows were 1.9 and
1.5 during the periods 1995–2002 and 2003–2007, respectively.20,39-74 The TS/5-FU
resistance windows were 1.6 and 1.3 during 1995–2002 and 2003–2007, respectively,
suggesting that neither measure improved between the time periods. In the group of articles
published between 2003–2007, 66% of tumors with high TS expression did not respond to
5-FU. In the group with low TS expression published during the same time period, 51% of
tumors responded to 5-FU. For the subset of tumors that were treated with leucovorin and 5-
FU, the response window was 2.1 and the resistance window was 1.7 (legend, Fig. 3).

Tumor-related variables
The TS/5-FU response windows were 0.9 and 1.2, and the resistance windows were 0.9 and
1.2, for primary tumors and metastatic tumors, respectively. In the tumors with low TS
expression, response rates were 49% and 59% for primary tumors and metastases,
respectively. Fifty percent of the metastatic tumors with high TS expression responded to 5-
FU. Similarly, in the primary tumors with high TS expression, 54% of these tumors showed
a response to 5-FU therapy.

Each primary site was also evaluated separately. The TS/5-FU window response windows
were 1.0 and 2.4, and the resistance windows were 0.9 and 1.6, for pancreatic and gastric
tumors, respectively. For colorectal tumors, the tumor type widely treated with 5-FU, the

Showalter et al. Page 4

Cancer Biol Ther. Author manuscript; available in PMC 2011 April 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TS/5-FU response window was 2.3 and the resistance window was 1.6. Although the
response window was greater than two, the response rate for tumors with low TS expression
was only 52%.

Discussion
We found in our diverse paper cohort that a modest and consistent inverse trend exists
between TS expression levels and chemotherapeutic response to 5-FU, and we estimate that
the difference is approximately between 1.5- to 2.5-fold. A more thorough evaluation would
require collection of primary source data from each individual publication concerning TS
expression levels and objective response measurements, whereas our study relied upon the
authors’ definitions. Our analysis does have the inherent limitations of a systematic literature
review, but an inclusive approach allowed us to assemble a pool of clinical studies that show
the same trend regardless of the subset analyzed and that provide material for revisiting the
TS/5-FU relationship. The percent differences displayed in Figure 3B and C represent a
wide range of results regarding the ability of TS expression to predict tumor response to 5-
FU. Although a strong predictive capacity has been reported in some studies (on the left side
of Fig. 3B and C), contradictory results of similar magnitude have also been described (on
the right side of Fig. 3B and C). Despite the isolated success stories of TS expression for the
prediction of response or resistance to 5-FU chemotherapy, the overall relationship in the
literature is suboptimal, as suggested by the response and resistance windows calculated.

We suggest that although the documented response and resistance windows reported for the
TS/5-FU relationship are consistent, they are not clinically informative. The magnitude of
difference does not meet the criteria of a promising pharmacogenetic window when one
applies the definitions previously discussed (Fig. 2B).31 Although the current review of TS/
5-FU is an academic exercise, real-life confirmation is available in the results of the
prospective trial by Smorenburg et al. in which TS expression failed to serve as a useful
predictor of response to 5-FU-based chemotherapy.64 The results from Smorenburg et al. are
in agreement with our analysis. We must reflect upon the TS/5-FU target-drug relationship
and whether TS alone should remain an integral predictive marker of 5-FU response. We
will discuss the literature regarding TS and 5-FU and consider the logical questions: (1)
Should we move forward beyond reiterating the often published trend of TS expression and
5-FU response to consider other markers or targets of 5-FU? (2) Should TS be considered
with additional predictive markers such as 5-FU metabolizing enzymes (e.g., DPD)? (3) Is
TS an important therapeutic target?

Methods of TS evaluation
Vast resources have been applied towards the development of new methods for dividing
tumors into groups according to their resistance and response to 5-FU chemotherapy. In this
respect, the literature has shifted in its approach to studying the TS/5-FU relationship. Peters
and colleagues published a seminal study that detected TS enzymatic activity in tumor
samples shortly after 5-FU treatment.23 Unfortunately, perhaps due to the complexity of the
assay, clinical scientists rapidly transitioned into measuring TS expression levels and not
enzymatic activity in regards to 5-FU clinical response. Recent new methods of separating
tumors on the basis of TS characteristics have been reported, including sequencing of the TS
gene polymorphism. In general, the 5′ region of the TS gene has been found to be
polymorphic, with either two (2R) or three (3R) repeats.75 The allele described in the
literature as having the highest allelic expression contains a 3G repeat.76 Sarbia et al.
attempted to relate TS polymorphisms to outcomes of patients with advanced squamous cell
esophageal cancer after surgery and 5-FU-based chemotherapy. They extracted DNA from
tumor samples obtained prior to 5-FU and then genotyped for three genes involved in folate
metabolism. In their study, determination of TS tandem repeat provided no value in
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predicting the outcome of patients with locally advanced squamous cell esophageal cancer
after treatment with 5-FU based chemotherapy.58 These data are supported by the study
from Nief et al. in which 60 human cancer cell lines from the NCI were evaluated for three
relevant TS gene polymorphisms, and no relationship was found between 5-FU cytotoxicity
and TS expression or polymorphisms.77 However, there are studies that contradict these
findings and suggest that TS polymporphism status may be a useful predictor of 5-FU
response. For instance, Lecomte et al. investigated the relationship between two TS gene
polymorphisms and the efficacy and treatment-related toxicity of 5-FU-based chemotherapy
in colorectal cancer patients. Individuals in this study who were homozygous for the double
repeat (2R) in the TS promoter region had more severe side effects to 5-FU. The authors
concluded that TS genotyping may be helpful in predicting toxicity to 5-FU-based
chemotherapy, and therefore TS genotyping might make it possible to individualize
treatment for patients with colorectal cancer.57 Although Lecomte and colleagues found an
association with toxicity, the TS polymorphism literature does not clearly demonstrate a
relationship between TS and tumor response to 5-FU-based chemotherapy.

Technical limitations of experimental reports
One potential technical limitation is that the TS tandem repeat status from tumor cells from a
patient will in some instances be different than the constitutional DNA from a patient,78

since the TS gene resides on chromosome 18 where loss of heterozygosity and copy number
changes commonly occur in gastrointestinal cancers.69,79 The studies of the TS untranslated
repeat are perhaps deeply flawed because they include investigation into the efficiency of
ribosome translation, which generally depends on the efficiency of polypeptide initiation at
the Kozak consensus sequence. Unfortunately, for their studies, Yawata et al. and
Kawakami and Watanabe seem to have used the Kozak sequence of the firefly luciferase
gene, and not the different Kozak sequence of the human TS gene.76,80 The relevant
laboratory experiment may not yet have been performed. Currently, we are reasonably
informed as to whether the human variants of the TS repeat interfere with a human-fly inter-
species interaction, one of no obvious clinical relevance.

The differences in TS expression between primary tumors and metastases create a challenge
for the use of TS as a predictive marker and suggest an additional significance of TS beyond
its role as a drug target for 5-FU. Recent reports propose that TS expression in metastatic
lesions is a more critical determinant of 5-FU response than TS expression levels in the
primary tumor. Johnston et al., the same group who first reported primary tumor TS
expression and 5-FU response, demonstrated that measurement of TS protein levels in
primary tumor tissue does not predict survival after 5-FU chemotherapy for patients with
metastatic or recurrent colorectal cancer. There was a trend towards higher response rates
for tumors with high TS expression.44 This finding is difficult to reconcile with prior reports
that low TS expression predicts superior disease-free survival after adjuvant 5-FU for
colorectal cancer.20,28 How should one resolve these contradictory findings regarding the
proposed relationship of TS expression in primary tumors and patient response to 5-
FU?20,28,67,81,82

Perhaps the best clinical example of 5-FU targeting TS is from Wang et al.83 TS
amplification has been identified as a mechanism of 5-FU resistance in colorectal cancer
patients with liver metastasis. These investigators used digital karyotyping to identify
genomic alterations present in liver metastases that were resistant to 5-FU-based
chemotherapy. Fluoresence in situ hybridization analysis revealed that one quarter of
metastases treated with 5-FU had TS amplification, while no metastases that had not been
treated with 5-FU showed TS amplification.83 Although a sound and informative study, the
question remains as to what happened in the other 75% of 5-FU-resistant metastatic lesions
where no TS amplification was detected?
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Predictive models that include additional variables
Since the analysis of TS expression alone for the prediction of 5-FU response has produced
unsatisfying results, other variables have been explored in combination with TS in
approaches that are based upon levels of key metabolic enzymes (Fig. 1B). It is well
established that in some cases over 80% of 5-FU is degraded in the liver before reaching
cancer cells. Therefore these preliminary studies may have future clinical value. Metzger et
al. reported a 2.6-fold higher mRNA level of thymidine phosphorylase (TP) in colorectal
tumors that responded to 5-FU versus non-responders. Interestingly, TS and TP were
independent predictive variables in the tumors, and the combination of TS and TP improved
the ability to predict 5-FU response.39 Thymidine kinase (TK) is the enzyme that converts
FdUrd, a 5-FU metabolite, into FdUMP.4 Grem and others found no association between TK
activity and 5-FU sensitivity in in vitro experiments using the National Cancer Institute cell
line screen.84 DPD is the rate-limiting enzyme for 5-FU metabolism. It is known that
patients who are deficient in DPD are susceptible to profound toxicity after 5-FU
administration.85 Intratumoral mRNA levels of DPD have been associated with response to
5-FU in colorectal tumors, and the combination of TS and DPD expression may predict
response of cancer cells to 5-FU better than either marker alone.46,86,87 In a prospective
Phase II study by Smorenburg and colleagues the combination of DPD and TS was tried as a
means to assign patients to tailored chemotherapy. Low DPD/TS expression failed as
method to select patients for 5-FU chemotherapy and did not result in the high response
rates anticipated based on previous retrospective studies.64 In a separate study, Salonga et al.
analyzed the genes DPD, TS, and TP, and found that low expression of all three enzymes
predicted a longer survival for colorectal cancer patients than did low expression of any
single gene.70

Other investigators have correlated different enzymes involved in the stabilization and
formation of the ternary complex. Orotate phosphoribosyl-transferase (OPRT), an enzyme
that phosophorylates 5-FU to produce 5-fluoruridine monophosphate in cancer cells, was
investigated by Fujii and colleagues as a potential predictor of 5-FU response. This study
related enzyme activity of TS, DPD, and OPRT in colorectal tumor specimens to 5-FU
response, as well as to proliferation using the Ki-67 proliferative index. Both TS and OPRT
levels, as well as Ki-67, were all inversely related to 5-FU response. The authors suggest
that OPRT may be closely related to 5-FU response, while TS may be linked more closely to
proliferation.68 In a study by Jakobsen et al. metastatic colorectal tumors that contain the
MTHR polymorphism, MTHFR 677 TT, were found to be responsive to 5-FU.59 MTHF is
involved in stabilizing the ternary complex of TS, FdUMP and MTHF, and the sensitization
to 5-FU conferred by the MTHFR 677 TT polymorphism may be explained by increased
formation and stability of the complex.88 The authors suggested an approach that includes
assessment of both this polymorphism and the TS 3R/3R polymorphism for 5-FU
response.59 The conclusions of the above studies exemplify the unsatisfactory predictive
capacity of our current understanding of 5-FU and its intracellular targets in the clinic, as
well as the need for alternative markers to predict response to 5-FU based chemotherapy.

Other caveats of 5-FU resistance and TS expression
Investigators have explored other 5-FU targets and mechanisms of drug resistance. Using
DNA microarrays of colon cancer cells, Schmidt and colleagues studied the gene expression
profiles associated with 5-FU-resistance phenotypes. They observed gene expression
changes that are not classically associated with 5-FU response, such as cytoskeleton, cell
adhesion and cell-matrix interactions. These findings support the theory that 5-FU resistance
can not be explained solely by the expression of TS and other enzymes involved in 5-FU
metabolism.89 Another DNA microarray study, reported by Wang et al. found reduced
expression of G1-S and S phase transition-related genes. These results support increased cell
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cycle checkpoint stringency and the resultant decreased proportion of cells in S phase as a
means to 5-FU resistance in colon cancer cell.90

The importance of TS expression in cancer cells for predicting patient outcomes may be
distinct from its role as a target of 5-FU chemotherapy. TS expression in tumors is directly
related to proliferation,68 and increased TS levels predict higher rates of both distant
metastasis and local recurrence, in addition to lower survival rates.82 Rahman et al.
demonstrated behaviors of TS that are characteristic of an oncogene. Ectopic overexpression
of TS transformed cells in vitro into a neoplastic phenotype. Also, TS-transformed cells
underwent apoptosis after serum starvation.91 TS levels vary throughout the cell cycle, with
a 20-fold amplification during S phase as opposed to G0.92 Cell lines that are resistant to 5-
FU have been shown to have reduced expression of genes involved in G1-S and S phase
transition, with corresponding slower growth rates and lower proportion of S-phase cells.90

Therefore, TS expression levels may correspond to cell cycle related changes, and 5-FU
resistance may be related to alterations in cell cycle checkpoints. Moreover, TS levels are
regulated by a number of mechanisms which may make it difficult to utilize as a predictive
marker in certain settings (for a concise review of TS regulation and 5-FU, see ref. 93).
Investigations of the gene expression changes induced by 5-FU exposure, as well as the
various potential other roles of TS in cancer cells, support suspicions that the predictive and
prognostic capabilities of this enzyme may be independent of the effects of 5-FU.

Methods
Literature search

We performed an on-line search of the PubMed database in order to identify articles
published between 1994 and 2007 that reported a correlation of TS expression levels with
response to 5-FU-based chemotherapy. Our query of the PubMed database identified 48,432
articles containing one of the keywords “5-fluorouracil,” “fluorouracil,” “5-FU,” or “FU;”
15,536 articles with “thymidylate synthase,” “TS,” or “TYMS;” 1,638 articles with both one
of the 5-FU and one of the TS search terms; and, 628 articles that contained 5-FU and TS
search terms in addition to the keyword “response.” The abstracts of these articles were
reviewed to identify 89 articles that associated TS expression with tumor response to 5-FU
chemotherapy.

We limited our review to those articles that were published in journals with an impact factor
greater than two. Thirty-seven articles satisfied these criteria; a subset of 29 of these reports
described objective methods for evaluating response. These 37 articles, and the subset of 29,
comprised our review. In order to assess changes in the literature over time, we subdivided
the articles into two groups based on the date of publication (1995–2002 vs. 2003–2007).
Information was collected regarding site of primary tumor (i.e., colorectal, stomach,
pancreas, head/neck or lung), and the use of 5-FU alone versus in combination with other
anti-cancer drugs.

Sub-classification criteria
The majority of the articles included in this review studied TS levels in tumors from
metastatic and unresectable disease (see references for clinical and specimen collection
details, Fig. 3). The tumors described within the articles were divided into two groups based
on high or low TS expression. We accepted the individual authors’ determination of TS
expression levels without modification when incorporating the data into our own analysis.
Although this approach is less rigorous than would be required in a formal meta-analysis,
the divisions established by the authors of each paper were maintained with the intent to
maximize the difference between the two groups. We evaluated the effect of TS expression
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on 5-FU response by further dividing tumors into responders and non-responders based
upon the report of objective response (either complete or partial) versus the absence of
objective response (stable or progressive disease), respectively. In most instances,
radiographic response was determined in the publications based upon bidimensional tumor
measurements. Two authors (Havens R and Showalter SL) independently reviewed the
results of each study and agreed upon categorizations of TS expression and tumor response.

Resistance and response window calculations
In order to arrive at a quantifiable estimate of pharmacogenetic window, we performed two
calculations for each subset analyzed, yielding the “resistance window” and the “response
window.” For the overall analysis, we used the selected subset of 29 articles that provided
objective response rates of tumors after 5-FU based chemotherapy as well as tumor TS
expression levels. Subset analyses were performed using the larger group of 37 articles. We
determined the ratio of the percentage of non-responders in the high TS expression group to
the percentage of non-responders in the low TS expression group, and referred to this
number as the “resistance window” (see calculation A). The “response window” is the ratio
of the percentage of responders in the low TS expression group versus the percentage of
responders in the high TS expression group (see calculation B).

Calculation A

Calculation B

These ratios are reported for each subset evaluated, and are referred to in the text as a
“resistance window” and a “response window.” We considered these values as surrogates
for the pharmacogenetic window in our analysis regarding the TS/5-FU relationship.

An additional set of calculations was performed for evaluation of the TS/5-FU relationship
in the selected group of 29 articles. For each individual study, two calculations were
performed to assess the association of low TS expression with 5-FU response (calculation C)
and of high TS expression with 5-FU resistance (calculation D):

Calculation C

Calculation D

Conclusion
There is a measurable inverse relationship between TS expression and 5-FU response, and
this forms the basis for dividing tumors into groups with roughly a 2-fold difference in
response to 5-FU. Over the past several decades, important strides towards understanding
the significance of TS and 5-FU have been made by a number of investigators. Although we
suggest that the nature of the drug-target relationship must be reconsidered using the
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expected standards of the pharmacogenetic window, it is also important to retain many of
the advances produced on this subject through the work of talented researchers.

There is ample evidence that TS expression levels alone should not be used in clinical
settings to predict patient response to fluoropyrimidine-based therapy.64 However, the
literature regarding TS polymorphisms and expression may be applied in the future to
schemas that can used to identify small groups of patients for whom chemotherapy could be
tailored. This is distinct from dividing all patients into two separate groups based on TS
levels. Perhaps a more sound use of TS evaluation in clinical trials should be the detection of
post-therapy TS covalent modification in order to provide information regarding targeting
and metabolism of a fluoropyrimidine-based agent to tumor cells. One can envision
monitoring chemotherapy using such a clinically informative protocol.18,19 The
identification of novel biomarkers for response prediction may contribute to the
development of more powerful predictive strategies that are based upon multiple factors that
may include TS expression.73 Steps have already been made in this direction, and some such
studies have been discussed. Gene expression analyses have identified additional candidate
genes that may be relevant targets for chemotherapy.

In the era of “rational” cancer therapy, we propose that it is time to decouple 5-FU and TS,
and to populate our understandings of both drug and enzyme with a new cast of related
targets. If one were to reconsider 5-FU as a “lead compound,” the two-fold difference might
be acceptable.31 Decades of research pertaining to the modulation of 5-FU chemotherapy
have not broadened the window. This suggests that any further gains are likely to be
incremental at best. Taken together the documentation that a modest trend exists between TS
expression and 5-FU response, and the overwhelming biochemical reports that TS is
inhibited by FdUMP, provides evidence that TS alone is a ‘poor target’ of 5-FU. Beyond the
scope of this study is a discussion about the development of derivative drugs of 5-FU and
other TS inhibitors such as tomudex and pemetrexed.94 We provocatively ask, perhaps TS
does not deserve its own class of inhibitors? We argue that an inverse relationship, weak as
it may be, does exist between TS expression and 5-FU response. This relationship has been
shown by many investigators over countless trials and patients. We urge investigators to
reconsider the relevance of the TS/5-FU relationship and to instead focus on optimizing
fluoropyrimidine-based cancer therapy by working to uncover better candidate targets and
correlates.
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Figure 1.
History and metabolites of 5-FU. (A) A timeline of the genesis of the relationship between
5-FU and TS. (B) The metabolic pathway to FdUMP. On the left of the figure we show the
main metabolic pathways to the 5-FU metabolite FdUMP. TP is thymidine phosphorylase;
TK is thymidine kinase; OPRT is orate phosphoribosyltransferase; RR is ribonucleotide
reductase. Note that the common pathway in cancer cells metabolize 5-FU to FdUMP is
through ribonucleotide reductase. On the right is a simple schematic showing the central
dogma of the most publicized 5-FU resistant mechanism. Increase numbers of TS molecules
(top) in a cell will be able to resist FdUMP; while low amounts of TS in a cell will be
inhibited by FdUMP (bottom) causing cellular death.
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Figure 2.
The pharmacogenetic window of 5-FU compared to imatinib. (A) Preclinical foundation for
imatinib, demonstrating promising pharmacogenetic window. In this in vitro model of CML,
imatinib exposure inhibited cell growth selectively in leukemia cells expressing the bcr-abl
protein. Adapted with permission from Druker et al.33 (B) Clinical results of imatinib (left)
versus previous standard therapy (right) for newly diagnosed chronic-phased CML, as
reported by O’Brien et al.34 Imatinib was developed for human trials based upon preclinical
data (A) that demonstrated promising activity in cell lines expressing the bcr-abl protein.
CCR = complete cytogenetic response. Other = less than complete cytogenetic response.
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Figure 3.
(A) Cumulative data for tumors organized according to TS expression level and response to
5-FU chemotherapy. For the subset of journals in which articles with an impact factor
greater than five, 35% of tumors with high TS expression demonstrate a response to 5-FU
versus 53% of tumors with low TS expression. For tumors treated with 5-FU in combination
with leucovorin, 83% of tumors with low TS expression had a response to treatment whereas
64% of tumors with low TS expression had no response to this combination treatment. R
Response; NR No response. (B) Percent difference of response rates predicted by low TS
expression. For tumors with low TS expression from 29 selected papers, the differences
between percentages of responders minus non-responders. The differences between these
percentages are displayed in descending order. The results above the x-axis support the
ability of low TS levels to predict response to 5-FU, while the results below the x-axis
contradict this conclusion. Each bar is marked with the reference number of the article it
represents. (C) Percent difference of nonresponse rates predicted by high TS expression. For
tumors with high TS expression from 29 selected papers, the differences between
percentages of non-responders minus responders. The differences between these percentages
are displayed in descending order. The results above the x-axis support the ability of high
TS levels to predict resistance to 5-FU, while the results below the x-axis contradict this
conclusion. Each bar is marked with the reference number of the article it represents.
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