2894 Chem. Rev. 2009, 109, 2894-2902

DNA Topoisomerase | Inhibitors: Chemistry, Biology, and Interfacial Inhibition

Yves Pommier*

Laboratory of Molecular Pharmacology, Center for Cancer Research, National Cancer Institute, National Institutes of Health, Bethesda, Maryland

Contents
1. Introduction to DNA Topoisomerases 2894
2. Camptothecins Are Uniquely Targeted Therapies 2895
3. Clinical Overview of the Camptothecins 2895
4. Molecular Pharmacology of Novel CPT Analogues 2896

with a Stabilized E-Ring

5. Noncamptothecin Top1 Inhibitors 2897

6. Interfacial Inhibition Paradigm 2898

7. Conversion of Top1—DNA Complexes into 2898
Cellular DNA Damage

8. Repair of Top1-Associated DNA Damage: 2899
Relationship with Anticancer Activity

9. Acknowledgments 2900

10. References 2900

1. Introduction to DNA Topoisomerases

DNA topoisomerases I and II (Topl and Top2) are
established molecular targets of anticancer drugs.'™> Mam-
malian somatic cells express six topoisomerase genes: two
TOPI (TOP1 and TOP1mt), two TOP2 (TOP2c. and f3), and
two topoisomerase III (TOP3o and f3)%7 (Figure 1A). The
most recently discovered eukaryotic topoisomerase is mito-
chondrial Topl (Toplmt), which we reported in 2001.3°

A common feature of topoisomerases is their catalytic
mechanism, which in all cases consists in a nucleophilic
attack of a DNA phosphodiester bond by a catalytic tyrosyl
residue from the topoisomerase. The resulting covalent
attachment of the tyrosine to the DNA phosphate is either
at the 3'-end of the broken DNA in the case of Topl enzymes
(Topl and Toplmt) or at the 5'-end of the broken DNA for
the other topoisomerases (Figure 1). Thus, Topl enzymes
are the only topoisomerases that form a covalent link with
the 3'-end of the broken DNA while generating a 5'-hydroxyl
end at the other end of the break. In that respect, the
eukaryotic Topl enzymes belong to the broader family of
site-specific tyrosine recombinases of prokaryotes and yeast
(e.g., XerCD of Escherichia coli, bacteriophage A integrase
and Cre recombinase, and Flp of Saccharomyces cerevisiae).

Another unique feature of the Top1 enzymes is their DNA
relaxation mechanism by “controlled rotation” rather than
by “strand passage”.!°"!2 In other words, Top1 enzymes relax
DNA by letting the 5'-hydroxyl end swivel around the intact
strand. This processive reaction does not require ATP or
divalent metal binding, which is different from the case of
Top2 enzymes, which require both ATP hydrolysis and
Mg*".>13 Top3 enzymes, like other type IA topoisomerases
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require Mg?" (but no ATP) for catalysis,'* are not very active
in relaxing DNA supercoiling. They can relax DNA when it
is very negatively supercoiled (single-stranded) one turn at
a time.'> Moreover, both Top2 and Top3 enzymes change
DNA topology by a strand passage distributive mechanism
rather than by the processive controlled rotation of the Topl
enzymes. In the case of the Top2 enzymes, a full DNA
duplex [referred to as the T (transported) strand] goes through
the double-strand break made by an enzyme homodimer>'®!”
(Figure 1A). In the case of the Top3 enzymes, a single strand
goes through the single-stranded break,'* typically at double-
Holliday junction crossovers.'®

The remarkable efficiency of the nicking—closing activity
of Topl enables the enzyme to relax both negatively and
positively supercoiled DNA (even at 0 °C)! with similar
efficiency.'? This is in contrast with Top2a, which relaxes
more efficiently positive supercoiling.?’ Of note, Top2p, like
Topl, relaxes both positive and negative supercoils simi-
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Figure 1. Schematic architecture of the topoisomerase cleavage
complexes. (A) Topoisomerases I (Topl nuclear and Top1mt) bind
to double-stranded DNA and form covalent complexes at the 3'-
end of the breaks. All other topoisomerases form covalent com-
plexes at the 5'-end of the breaks. Topl cleavage complexes are
selectively stabilized by the natural alkaloid camptothecin (CPT).
Topoisomerase II homodimers (Top2a and Top2/3) bind to double-
stranded DNA and form cleavage complexes with a canonical
4-base pair overhang. Top2 binds and hydrolyzes ATP during
catalysis. Top2 inhibitors stabilize the Top2 cleavage complexes
and are potent anticancer drugs.'3*!3* Topoisomerases III (Top3a
and Top3/3) bind as monomers to noncanonical DNA structures
(single-stranded DNA)'* in association with a RecQ helicase (BLM
in humans, Sgs-1 in budding yeast, Rhql in fission yeast). Top3
has been proposed to resolve double-Holliday junctions arising from
stalled replication forks.'® Top3 inhibitors have not been reported.
(B,C) A topoisomerase catalytic tyrosine residue carries out the
nucleophilic attack and breakage of a DNA phosphoester bond.
The polarity depends on the topoisomerase type. (B) Topo-
isomerases I (nuclear and mitochondrial Top1) form a covalent bond
with the 3'-DNA end and generate a 5'-hydroxyl-end. This cleavage
intermediate (Toplcc) allows controlled rotation of the 5'-end
around the intact DNA strand.'”> Under normal conditions, the
reaction is reversible. Religation (back arrow from in panel A) is
favored over cleavage and requires the alignment of the 5'-hydroxyl-
end with the phosphoester tyrosyl-DNA bond for nucleophilic
attack. (C) All other human Topo enzymes (Top2 and Top3) have
an opposite polarity compared to Topl. They form covalent bonds
with the 5'-end of the break and generate 3'-hydroxyl ends.

larly.?® Removing positive supercoils is required for replica-
tion and transcription progression. Otherwise, their accumu-
lation in advance of replication and transcription complexes
hinders the melting of the DNA duplex (by helicases) and
consequently polymerase translocation along the DNA
template.

The normal nicking—closing activity of Topl can however
be uncoupled when the 5'-hydroxyl end generated by the
nicking reaction becomes misaligned, for instance at pre-
existing base lesions or DNA nicks.?!?? In such cases, the
Topl cleavage complex (Toplcc) remains without an effec-
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tive legitimate religation partner. Those Top1-DNA covalent
complexes are commonly referred to as “suicide complexes”.
Under such conditions, Topl can nevertheless religate an
illegitimate (“foreign”) 5'-hydroxyl-DNA end and act as a
recombinase.”® This property is used for routine molecular
cloning (TOPO Cloning, Invitrogen) using vaccinia Top1.%*

2. Camptothecins Are Uniquely Targeted
Therapies

Camptothecin (CPT) is a plant alkaloid first identified from
the Chinese tree, Camptotheca acuminata, by Monroe Wall
and co-workers.>* Soon after the discovery that CPT
inhibited Topl by trapping Toplcc,””?® three lines of
evidence demonstrated the selective poisoning of Topl by
CPT: (1) Only the natural CPT isomer was active against
Top1;** (2) Genetically modified yeast deleted for Topl
(TopIA) was immune to CPT;3!"3 (3) Cells selected for
CPT-resistance showed point mutations in the Topl gene.**

One such mutation found in human leukemia cells® is
Asn-722-Ser (see Figure 4F). Most remarkably, the Asn-
722-Ser mutation has recently been found in the CPT-
producing plants. That mutation probably enables plants to
grow in the presence of CPT?® while being protected from
predators.

The discovery that CPT-producing plants bear a CPT-
resistance Topl mutation raises the question as to whether
the Topl mutation or the production of CPT came first during
evolution. An interesting alternative might be that endophyte
fungi that grow in the CPT-producing plants actually produce
CPT,”7*° in which case, it is plausible that the production
of CPT came first from the endophytes and the plants were
selected for the Topl mutations that rendered them immune
to CPT.

3. Clinical Overview of the Camptothecins

Two water-soluble camptothecin derivatives are presently
approved by the FDA for IV administration: topotecan and
irinotecan (Figure 2). Topotecan (Hycamtin) is used to treat
ovarian cancers and small-cell lung cancers (SCLC). How-
ever, hematological toxicity is a common side effect due to
the destruction of bone marrow progenitors. As a result,
infections can occur due to loss of white blood cells, bruising
or bleeding due to the loss of platelets, and anemia with
fatigue due to loss of red blood cells. Within a day following
infusion, patients generally feel sick with nausea and possibly
vomiting, which can generally be controlled with antiemetic
drugs. Patients may also feel tired during the first weeks of
treatment. Hair loss starts 3—4 weeks after the first dose. It
is temporary. Hair regrows once the treatment is finished.
Because of potential teratogenic effects, it is recommended
to use contraception during topotecan treatment and a few
months afterward.

Irinotecan (CPT-11) is approved by the FDA for colorectal
tumors. It is a prodrug and needs to be converted to its active
metabolite SN-38 by carboxylesterase (Figure 2). The most
severe side effect is diarrhea, which can be severe. Tempo-
rary liver dysfunction is generally asymptomatic. The other
side effects are the same as those of topotecan.

Two newer camptothecin derivatives are in clinical trials:
gimatecan and belotecan (Figure 2). Gimatecan is given
orally and belotecan via IV. Both have shown some activity
in glioma.
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Figure 2. Chemical structure of clinically relevant CPT derivatives and analogues. The top scheme shows the equilibrium between the
active lactone form and its inactive carboxylate derivative. The lactone is converted into the carboxylate within minutes in human serum
at physiological pH.'* Topotecan (Hycamtin) and irinotecan are routinely used for IV infusion in cancer treatment. Four CPT derivatives
are in clinical trials. Gimatecan (Sigma-Tau, Novartis) is an oral derivative developed for the treatment of glioma. Belotecan (CKD602,
Camtobell; Chong Keun Dang Corp.) is a water-soluble derivative given intravenously. Limited information is available on the ongoing
clinical status of lurtotecan and exatecan (Daiichi Pharmaceutical Co Ltd.). E-ring modifications have been introduced to generate synthetic
analogues with limited (but irreversible) E-ring-opening (Diflomotecan; Beaufour-Ipsen)**#44%13% and no ring-opening (S 39625; Servier).*>:137

Both E-ring-modified derivatives are given intravenously.

4. Molecular Pharmacology of Novel CPT
Analogues with a Stabilized E-Ring

One of the main limitations of all camptothecin derivatives
is their spontaneous and rapid inactivation (within minutes)
by E-ring-opening (Figure 2). Although this reaction is
potentially reversible, its equilibrium favors the carboxylate
form at physiological neutral pH. Moreover, the active
lactone derivatives are rapidly depleted in the bloodstream
due to the tight binding of the carboxylates to serum
albumin.*’

Two approaches have been taken to overcome the E-ring
lactone instability. The first was to enlarge the E-ring by
one carbon atom, which limits E-ring-opening but also
prohibits its reclosure.*~* The corresponding compounds

are synthetic and named homocamptothecins. Diflomotecan
is the clinical derivative (Figure 2). This approach is however
potentially problematic, as irreversible E-ring-opening in-
activates homocamptothecin.** From a chemical biology
standpoint, one reason for studying the homocamptothecins
was the presence of bound carboxylate in the crystal structure
of topotecan,* which is in contrast with the fact that the
carboxylate form of CPT is clinically ineffective and inactive
in trapping Toplcc.?**° Since homocamptothecins are at least
as potent as CPT in spite of limited E-ring-opening,* this
suggests that E-ring-opening is not necessary for trapping
Toplce.** A second reason for studying homocamptothecins
was to determine whether changing the E-ring could
overcome the known drug efflux multidrug resistance mech-
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Figure 3. Chemical structure of clinically relevant non-CPT Top1 inhibitors. Three chemical families are described (for further information,
see ref 52). Two indenoisoquinolines (NSC 725776 and NSC 724998) are in preclinical development at the NCI (joint patent NCI—Purdue
University). ARC-111 is a phenanthridine derivative licensed to Genzyme Co. The indolocarbazoles further have been tested in clinical

trials. Information is limited on their ongoing clinical development.

anism to camptothecins.*’ Interestingly, we found a limited
impact of ABCG2 drug efflux resistance for homocamp-
tothecins, which gives them an advantage over the camp-
tothecins.*$4

The second approach to stabilize the E-ring was to convert
the E-ring from a 6- to a 5-membered ring. Complete
stabilization of the E-ring has been successfully achieved
with the synthesis of the a-keto derivatives,*® exemplified
by S39625.5! Removal of the lactone precludes E-ring-
opening.>® This novel series provided a further test for the
relationship between lack of E-ring-opening and trapping of
Toplcc. The remarkable potency of this novel drug class
against purified Topl and in cells, with selective targeting
of Topl, and persistent Toplcc indicate the tight binding of
$39625 to Toplcc.’! These experiments provide further
evidence that lactone E-ring-opening is not necessary for the
trapping of Toplcc by CPT derivatives. S39625 is under
consideration for clinical trials.

5. Noncamptothecin Top1 Inhibitors

Camptothecins are the only clinically approved Topl
inhibitors. In spite of their activity in colon, lung, and ovarian
cancers,’>>* camptothecins have limitations:>3*323475 Ag
discussed above, (1) camptothecins are chemically unstable
and rapidly inactivated to carboxylate in blood; (2) Toplcc
reverses within minutes after drug removal, which imposes
long infusions; (3) Cells overexpressing the drug efflux
membrane transporters ABCG2 and ABCB1 (Pgp)*’~* are
cross-resistant to camptothecins; (4) The side effects of
camptothecins are dose-limiting and potentially severe (diar-
rhea and neutropenia).

Because of those limitations, because camptothecins were
the only known Top! inhibitor chemotype, and because it is
well-established that drugs with a common primary target
exhibit different clinical activities (for instance doxorubicin,

amsacrine, and etoposide as Top2 inhibitors), we initiated
the discovery of novel Topl inhibitors using the Develop-
mental Therapeutics Program (DTP-NCI) cell lines and drug
databases.’”® We reported the first indenoisoquinoline NSC
314622 in 1998.% During the past 10 years, the indenoiso-
quinolines have been optimized for therapeutic development,
and more than 400 derivatives have been synthesized and
tested.”* ¥ Two derivatives (NSC 725776 and 724998;
Figure 3) are under review for clinical trials at the NCI
Bethesda using histone y-H2AX as a pharmacodynamic
biomarker.®

The indenoisoquinolines are one of the three classes of
noncamptothecin Topl inhibitors in clinical development
(Figure 3).22 The indolocarbazoles were the first introduced.
They underwent phase I and II clinical trials but appear to
hit other cellular targets besides Topl.°*% Their current
clinical development as anticancer drugs does not appear to
be very active. More interesting are the phenanthridine
derivatives (Figure 3), which have been licensed to Genzyme
Inc. and should enter phase I clinical trials in the near
future.’>**?! The phenanthridine analogues of ARC-111
exhibit chemical and biological similarities with the inde-
noisoquinolines,’? and it will be interesting to compare the
clinical activities of the two classes of non-CPT Topl
inhibitors.

Two indenoisoquinolines have been selected for clinical
development, and an IND has been filed. The phase I trial
is aimed at comparing the two drugs side-by-side and to use
histone yH2AX as a pharmacodynamic biomarker. The
selected indenoisoquinolines have several favorable char-
acteristics:®1%3

(1) They are chemically stable, which is not the case of
camptothecins (see above); (2) They trap Toplcc at dif-
ferential sites from camptothecins, which is indicative of
potentially different gene targeting; (3) Their antiproliferative
activity is similar to or greater than that of camptothecins in
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Figure 4. Interfacial inhibition by Topl inhibitor. (A) Topl is
mostly associated noncovalently with chromatin. (B) Top1 relaxes
DNA by making single-strand breaks that are generated by the
covalent linkage of Topl to the 3'-end of DNA (Toplcc; see Figure
1). (C) Camptothecins (see Figure 2) or noncamptothecin Topl
inhibitors (see Figure 3) bind reversibly to the Toplcc and slow
down DNA religation. (D) Ternary complex including Topl
(yellow), DNA (dark blue ribbons), and an indenoisoquinoline or
CPT (green and red in the middle).*>*%8! (E) Same structure except
Topl is in ribbon representation. (F) Hydrogen bond network
between camptothecin and Top1 amino acid residues. (G) Hydrogen
bond network between the indenoisoquinoline derivative MJ-238
and Topl. Note that mutation of asparagine 722 to serine (N722S),
which confers resistance to camptothecin and only partially to
indenoisoquinolines, is also present in camptothecin-producing
plants.>

the NCI60 cell lines; (4) They selectively target Topl in
cells,®4392 as demonstrated by high resistance of Topl-
deficient P388 cells®3 and cross-resistance of cells with
Topl-downregulation by shRNA;%2 (5) They are not sub-
strates of ABC membrane transporters,®® which suggests an
ability to overcome resistance to camptothecins; (6) Their
antitumor activity in animal models®' is better correlated with
effects on human bone marrow progenitors,’ suggesting that
therapeutic doses in mice might be achievable in humans.?
The phenanthridine derivatives (ARC-111; Figure 3) share
many of the same advantages as the indenoisoquinolines,”
which is not surprising considering the chemical similarities
between the indenoisoquinoline and phenanthridine families
(Figure 3).

6. Interfacial Inhibition Paradigm

With Kurt Kohn, we hypothesized in 1990 that topoi-
somerase inhibitors trap cleavage complexes by binding at
the enzyme—DNA interface and proposed that the drugs
stack between the base pairs flanking the cleavage site
because of their planar aromatic structure (Figure 4C).%~%8
Additional bonds also would link the drugs to the enzyme.

Pommier

The concept was proposed for both Top2°%°” and Top1®
inhibitors. The interfacial model has been validated after
crystallization of topotecan, camptothecin, indenoisoquino-
lines, and an indolocarbazole bound to Toplcc.676%8!

Like other Topl inhibitors (topotecan, CPT, and an
indolocarbazole),**"%8! the indenoisoquinolines bind at the
interface of the Toplcc—DNA complexes by intercalating
at the cleavage site (71— interactions) (Figure 4D and E)
and by forming a network of H-bonds with critical Topl
residues involved in CPT resistance (Figure 4F and G).**

In fact, many natural products act as interfacial inhibitors.*
They are characterized by their stereospecific and selective
binding to a site involving two or more macromolecules
(proteins and/or nucleic acids) within complexes undergoing
conformational changes. Interfacial inhibitors trap (generally
reversibly) an intermediate state of the complex, resulting
in kinetic inactivation.

Potential inhibitors of nucleic acid—protein interfaces
include inhibitors of Top2 (dexrazoxane, anthracyclines,
epipodophyllotoxins), gyrase (ciprofloxacin), RNA poly-
merases (Q-amanitin, actinomycin D), and ribosomes (strep-
tomycin, tetracycline, kirromycin, thiostrepton, and possibly
cycloheximide), as well as HIV-1 integrase inhibitors.®1%
The interfacial inhibitor paradigm also applies to protein—
protein interfaces such as GTP-binding protein complexes
(brefeldin A), tubulin (taxol, colchicine, epothilone), 14-3-
3-ATPase (fusicoccin), adenylcyclase heterodimers (forsko-
lin), and mTOR-related complexes (rapamycin).”® As for
nucleic acid—protein complexes, these drugs take advantage
of transient structural and energetic conditions created by
the macromolecular complex, giving rise to “hot spots” for
drug binding.

From a drug discovery viewpoint, the interfacial inhibition
paradigm demonstrates the value of screening natural
products and the importance of looking for noncompetitive
inhibitors and for setting up high throughput assays based
on enhancement of macromolecular binding rather than only
binding inhibition.

7. Conversion of Top1—DNA Complexes into
Cellular DNA Damage

The cytotoxicity of Topl inhibitors is due to the trapping
of Toplcc rather than to the inhibition of Topl catalytic
activity. This is because the Toplcc are converted into DNA
damage by DNA replication and transcription (Figure 5B).
That direct relationship between drug target level and
cytotoxic activity is consistent with early studies showing
that yeast strains without Topl are immune to CPT,* and
with more recent studies showing that Topl depletion in
human cells confers resistance to CPT and indenoisoquino-
lines,”>!%! and that the antitumor activity of camptothecins
is positively correlated with cellular Topl levels. 102103
Noticeably, high Top1 levels have also been correlated with
oxaliplatin activity in patients.'%?

The trapping of Toplcc can occur irrespective of DNA
supercoiling, as demonstrated by the fact that Toplcc can
be efficiently produced in small oligonucleotides or linear
DNA fragments.?"-?8:52609198 Nevertheless, recent studies
show that the trapping of Toplcc by camptothecins can be
influenced by DNA supercoiling. Indeed, Toplcc tend to be
preferentially trapped by camptothecins in positively super-
coiled vs negatively supercoiled DNA, suggesting that the
most lethal Toplcc tend to be in advance of replication and
transcription complexes (Figure 5B).1047108



DNA Topoisomerase | Inhibitors

Drug

A A Reversible Toplcc
[Top1)
. —'/OH
5 _T‘a—
Replication / \ Transcrlptlon
wTop1 ) Top1 )
5 ]'4—

O )
-E Irreversible Toplce ':T;
o -3
[ L]
e} T
| = c
9 ?
® c A )

[Top1 )

- @
> P [ P OH <

g ] 5 | 5 | 5 |
~__ 7 ~_ ~_
Ub-Proteolysis Tdpl PNK
D A
(Top1) | Top1
\ > \ 4 % - < &
5 _/ s 4

Endonuclease

Figure 5. DNA damage and repair resulting from the trapping of
Toplcc. (A) Most Toplcc are reversible, as Topl inhibitors tend
to rapidly dissociate from the Toplcc before DNA replication or
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Similarly, a stalled Toplcc can produce a transcription block and
activate the DNA damage response.'**!%" The repair of covalent
Topl—DNA complexes is believed to involve two main pathways.
(C) Tdpl1 can hydrolyze the tyrosyl—phosphoester bond following
the degradation of Top1 by ubiquitin-proteasomal degradation (for
reviews, see refs 22, 121). (D) Data obtained from a yeast DNA
repair mutant suggest an alternative endonuclease pathway, which
is not yet validated in human cells. The candidate endonucleases
are Mrel 1-CtIP, XPF-ERCC1, and Mus81-Emel (for reviews, see
refs 2, 22).

Although both nuclear and mitochondrial topoisomerases
I (Topl and Topmt) are sensitive to CPT,'%!'° Top1 (nuclear
Topl) rather than Toplmt (mitochondrial Topl) is relevant
for the anticancer activity of camptothecins. Indeed, point
mutations in Top1 at key interacting residues (see Figure 4)
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are sufficient to confer high resistance to CPT.>* We also
sequenced the Toplmt of the CPT-resistant human leukemia
CEM-C2 cells and found no Toplmt mutation in those cells
(Zhang and Pommier, unpublished), indicating that Toplmt
is probably not a relevant target of CPT at pharmacological
concentrations. This might be due to the alkaline pH of
mitochondria, which promotes lactone E-ring-opening (see
Figure 2), and to a lack of penetration of CPT into
mitochondria because camptothecin lacks a positive charge,
which is a common feature of mitochondria-targeted drugs.
Of note, topotecan, which does possess a side chain with a
potentially protonated nitrogen, has been found to accumulate
in mitochondria.''"'!> The relevance of this accumulation
in mitochondria remains to be determined.

8. Repair of Top1-Associated DNA Damage:
Relationship with Anticancer Activity

Of the two main DNA damaging pathways, replication
and transcription (Figure 5B), experimental evidence suggests
that the replication pathway exerts a prominent role for
cancer cells in culture.’>!% Nevertheless, it is also clear that
the differential response of cancer cells compared to normal
cells involves downstream cellular responses from the
replication- and transcription-mediated DNA damage. Among
those differences, it is likely that a variety of molecular
defects in cell cycle and apoptotic checkpoints play critical
roles in the antitumor activity of Topl inhibitors.>?

It is also likely that defects in DNA repair contribute to
the cellular response to Topl inhibitors. The repair in Top1-
mediated DNA damage can be schematically divided in the
repair/excision of the Topl covalently linked to the DNA
(3'-end processing) and the repair/religation of the 5'-end.
The best characterized pathway for 3'-end processing utilizes
tyrosyl-DNA-phosphodiesterase (Tdpl) (Figure 5C).!137!15
However, an alternative pathway involving 3'-flap endonu-
cleases (Mus81/Emel; Mrel1/Rad50; XPF/ERCC1) has been
invoked (Figure 5D), primarily based on the hypersensitivity
to CPT of yeast strains with mutations for those endo-
nucleases.?>!16-121

The conservation of Tdpl from yeast to humans is
consistent with the ubiquitous occurrence of Toplcc under
physiological conditions. Tdp1 can also remove 3'-phospho-
glycolates lesions.'?*!?* Tdp1 knockout mice are viable but
hypersensitive to camptothecins and bleomycin.!?>12® The
hereditary Tdpl mutation H493R leads to the rare neurode-
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Figure 6. Rationale for Tdpl inhibitors. (A) In normal cells, Topl —DNA covalent complexes can be repaired by redundant mechanisms,
which can be divided into two main pathways: (i) the Tdp1 hydrolysis pathway (see Figure 5C) and (ii) the 3'-endonuclease pathway (see
Figure 5D). (B) Cancer cells might be more dependent on the Tdpl pathway as a result of mutations and inactivation of DNA checkpoints
(BRCAI, Chk2,...). The expected effect of combining a Tdpl inhibitor with a Topl inhibitor'>' would be an increase in the therapeutic
index of the Topl inhibitor, as the Tdpl inhibitor would sensitize preferentially the cancer cells.
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generative disease SCANI1 (spinocerebellar ataxia with
axonal neuropathy).'?!'?” Experiments in SCAN1 lympho-
blastoid cells treated with CPT demonstrated the importance
of human Tdpl for the repair of transcription-associated
Toplcc.!28120

Based on the redundancy of the DNA repair pathways for
Toplcc, we proposed a rationale for combining Tdpl and
Topl inhibitors and for the discovery of Tdp1 inhibitors'?!
(Figure 6). This rationale stems from the fact that genetic
studies demonstrate that redundant pathways repair Toplcc
in normal cells and that several of the corresponding genes
are known to be inactivated in cancers [for instance, the
Mrel1 or BRCA1].22 Thus, Tdp1 inhibitors should selectively
enhance the activity of Topl inhibitors in cancer cells with
such deficiencies [i.e., colon cancers!**!3! (Figure 6B) while
sparing normal cells (Figure 6A)]. Because Tdpl1 deficiency
has only a mild phenotype in yeast''*!"® and mice,'>>'?¢ it is
anticipated that Tdp! inhibitors will have limited side effects.
Several chemical families have already been reported as leads
for discovery of Tdpl inhibitors,'0!121:132.133
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