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inhibitors before and after therapy, quantitation of TS levels
may help in further defining of the role of TS regulation in drug
resistance. These correlations will need to be investigated for
applicability with the newer TS inhibitors.

The role of each of the numerous and diverse mechanisms
of TS regulation and resistance to TS inhibition remains to be
defined. It is not yet clear which factors predispose cells to
develop a certain resistance mechanism or which mechanism(s)
may at least in part account for the relatively low response rates
seen with ZD1694. However, the data presented above suggest
that TS inhibition alone may not be sufficient to result in
clinically significant cytotoxicity. A limited number of strate-
gies (currently in preclinical development) attempting to im-
prove the efficacy of TS inhibitors are presented briefly below.
Moreover, elucidation of intrinsic tumor properties pertinent to
altered signal transduction and metastatic potential (including
tumor-induced angiogenesis) may lead to new therapeutic strat-
egies.

Improving Drug Efficacy. To counteract TS induction,
the development of an antisense RNA that targets the TS mRNA
sequences responsible for TS translation has been suggested
(126). In another approach using gene therapy, W1L2:R179
cells resistant to TS inhibitors through a 30-fold increase in TS
activity over that of their parental W1L2 cell line were trans-
fected with the TS ribozyme using an EBV-based vector. This
hammerhead ribozyme cleaves the CUC sequences in a triple,
tandemly repeated sequence located in the 5' untranslated re-
gion of TS mRNA. Thus, the transfected cells became sensitive
to TS inhibitors (138). IFN-y was shown to enhance the sensi-
tivity of colon cancer cells to 5-FU by interfering with acute TS
induction associated with 5-FU exposure and thus may prove to
have a role in dealing with this problem (123). Whether these
interventions will prove clinically useful in efforts to overcome
the increased TS mRNA translation noted with TS inhibition
requires further investigation. Alternatively, a 40-fold increase
in TS levels in normal cells as mentioned above could render
them theoretically more resistant to the TS inhibitor, thus re-
sulting in a host-protective effect, offering the possibility for
cell-selective treatment strategies.

Combining the inhibition of de novo and salvage pathways
of thymidylate synthesis can provide a synergistic effect. The
activity of salvage enzymes can be markedly higher than that of
the rate-limiting enzymes of de novo biosynthesis (139). AZT
inhibits TK, an enzyme that is up-regulated and involved in
salvage pathways of TS inhibition, effectively. Although AZT
alone did not inhibit TS, studies combining ZD1694 with AZT
in MGH-U1 human bladder cancer cells showed the combina-
tion to be more cytotoxic (140). Up-regulation of nucleoside
transporter may lead to increased uptake of preformed deoxy-
thymidine or its analogue IdUrd in vitro (141). IdUrd alone did
not inhibit TS activity in MGH-U1 and HCT-8 cells. DNA
incorporation of this nucleoside analogue increased with admin-
istration of ZD1694 due to up-regulation of nucleoside trans-
porter. IdUrd did not increase the TS inhibitory activity of
ZD1694, but its DNA incorporation resulted in an increase in
DNA single-strand breaks that paralleled cytotoxicity. More-
over, the therapeutic index was greater for the combination than
for either agent alone (141). Sequential combinations of 5-FU
and ZD1694 also have been tested for inhibition of salvage

pathways. Pretreatment of HCT-8 colon carcinoma cells with
ZD1694 was reported to enhance the cytotoxicity of 5-FU by
potentiating the efficacy of TS inhibition (142). Following cell
treatment with ZD1694, a strong TS inhibition leads to an
altered balance of dUMP and dTTP pools and allows for an
increased incorporation of 5-FU into RNA (2.5-3.0-fold that of
cells not exposed to ZD1694). This event has an immediate
effect on short-lived mRNAs (such as that of TK), leading to
cell death, and this approach potentiated the effect of ZD1694
on sensitive cell lines markedly (143). Plans are in development
to test this sequence-dependent synergistic combination in the
clinic.*

Other strategies have focused simply on potentiating TS
inhibition or using agents synergistic with TS inhibitors. Be-
cause folate analogues bind to TS at a site different from that of
FdUMP, combining 5-FU with selective TS inhibitors could
potentiate the action of these agents. TS inhibition may be
enhanced by using both a dUMP and a folate analogue to
stabilize the TS-cofactor-substrate ternary complex. When
AG331 or polyglutamated ZD1694 was combined with 5-FU,
enhanced FAUMP binding to TS was observed. The ternary
complex consisting of TS, FAUMP, and AG337 or ZD1694 was
stable for at least 2 h. This led to potentiation of the growth-
inhibitory effect of 5-FU, AG337, or ZD1694 on colon cancer
cell lines (144).

In agreement with the above studies, a Phase I trial of
Tomudex in combination with 5-FU, folinic acid, and IFN-a for
recurrent adult solid tumors is currently underway (145).

Conclusion

Inhibition of TS results in a decrease of the de novo
thymidylate synthesis that is necessary for DNA synthesis and
repair. The development of ZD1694 is an example of a lengthy,
targeted approach to the design of new cancer chemotherapeutic
agents; ZD1694, a potent, selective TS inhibitor, has demon-
strated antitumor effects in both preclinical and Phase II clinical
trials and is undergoing Phase Il evaluation currently in the
United States. More detailed data from the European Phase III
trial in colorectal cancer will be available for critical review
soon. The outcome of these studies may contribute to more
convenient and less toxic alternatives to the currently available
chemotherapy for colorectal cancer. Newer antifolate com-
pounds with diverse structures and properties designed and
developed by computer-assisted techniques are also undergoing
preclinical and clinical testing. However, given the limitations
posed by the variety of mechanisms through which cells bypass
TS inhibition, it is questionable whether each of these drugs will
be more successful than single-agent 5-FU or MTX. Combining
TS inhibitors with other cytotoxic agents, agents that interfere
with TS gene and mRNA regulation, or agents that inhibit
salvage mechanisms following thymidylate depletion may pro-
vide greater clinical utility of these new compounds.

4J. R. Bertino, personal communication.
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