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posttranslational modifications and cofactors (18, 34), as
well as a vast number of other cellular components that
can also affect the drug and the substrate. In addition,
nonspecific drug targets present in the WCE may selec-
tively decrease the potency of compounds with a tenden-
cy to adsorb on different surfaces. This screening strategy
should result in an increased stringency of the assay and
allow the elimination of promiscuous inhibitors. The
increased reactional complexity in the hTDP1 WCE assay
still maintained a high specificity for the TDP1 reaction, as
we did not detect any nonspecific nucleolytic degradation
of the DNA substrate even at high concentrations of WCE
(Fig. 2B).

Because the phosphotyrosine catalytic excision by
TDP1 produces a single product (N14P, see Fig. 2A), we
were also able to perform multiple loadings. With 12-
minute intervals between each loading, up to 600 samples
could be analyzed on a single sequencing gel (see repre-
sentative image in Fig. 2C). WCE screening of the 986

Figure 2. WCE TDP1 assay.

A, schematic representation of
the 14-mer single-stranded

TDP1 substrate bearing a 3'-
phosphotyrosine (N14Y, closed
triangles). In the presence of WCE,
endogenous TDP1 excises the
terminal tyrosine to generate a 14-
mer 3'-phosphate DNA product
(N14P, open triangles). B,
representative gel showing the
concentration-dependent
appearance of the N14P product in
the presence of hTDP1 WCE. This
reaction is specific of TDP1
because it is absent with WCE from
TDP1 knockout cells (TDP1’/’).
WCE concentrations were from
900 pg/mL in 3-fold decrements.
C, representative gel showing

the concentration-dependent
inhibition of TDP1 by positive hits
(horizontal brackets). Because of
the specificity of the TDP1 reaction
in WCE, 10 consecutive loadings
of 14 compounds tested at 3
concentrations were performed
on the same gel.

qHTS positive hits led to the confirmation of 10 lead
compounds with ICsy values below 111 umol/L (Figs.
1C and 2C), indicating that our biochemical assay based
on WCE can serve as a robust and efficient secondary
screen for the large number of positive hits selected from
qHTS assays.

Importance of reaction buffer for TDP1 assays

Our original qHTS assay was run in a buffer required
for an optimal signal by the AlphaScreen technology
and compatibility with robotic liquid handling (see
buffer components in Table 1; ref. 31). On the other
hand, WCE conditions could be adapted to more phys-
iologic and stringent buffer conditions, including the
use of serum albumin, metal chelating agents, and
reducing agents. Table 1 outlines the differences in
TDP1 kinetics between these two buffer conditions (the
qHTS and WCE bulffers). Figure 3A and B shows rep-
resentative Lineweaver-Burk double-reciprocal plots
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Table 1. Kinetics parameters

40 ng/mL BSA
0.01% Tween-20

kcat/KM
Kwm Kcat (Per (L/mol

Buffer (nmol/L) second) per second)
HTS buffer 1 x PBS,PH7.4

80 mmol/L KCI 3,936 11 2.8 x 108

0.01% Tween-20
WCE buffer 50 mmol/L Tris-HCL, pH 7.5

80 mmol/L KCI

2 mmol/L EDTA 80 7 87.5 x 10°

1 nmol/L DTT

allowing the determination of Ky, values of 3,936 nmol/L
in the HTS buffer versus 80 nmol/L in the WCE buffer
(Table 1). This approximately 50-fold difference in Ky
indicates that TDP1 recognizes its substrate distinctly
more efficiently in the WCE buffer than in the HTS buffer.
On the other hand, the turnover constants did not vary
significantly for the two conditions. TDP1 had a k.,¢ value
of 11 and 7 per second in the HTS and WCE buffers,
respectively (Table 1). The resulting k.../Ky values of
2.8 x 10° in the HTS buffer and 87.5 x 10° L/mol per
second in the WCE buffer suggest that TDP1 performs
approximately 30-fold better in the WCE buffer than in the
HTS buffer (Table 1).

The enhanced catalytic activity of TDP1 in the WCE
buffer probably explains, at least in part, why some
compounds tested in the WCE buffer failed to inhibit
TDP1 below 100 umol/L drug concentration, as recom-
binant TDP1 gave a similar difference when it was used
under these buffer conditions. This is illustrated in Fig. 3C,
which shows that compound NCGC00183964 inhibits
recombinant TDP1 with an ICsy of 3.2 4+ 0.4 umol/L in
the HTS buffer, whereas its ICsy was 81 umol/L in the
WCE bulffer, a 25-fold reduction in potency. Together,
these experiments demonstrate the enhanced stringency
of the TDP1 assays in WCE buffer over the HTS buffer.

To compare the WCE and recombinant TDP1 assays,
ICsp values for the 10 compounds presented in Fig. 1
were determined in both assays (Supplementary Table
S1). A correlation can be established between the ICs,
values determined in the WCE assay and in the recom-
binant TDP1 assay (Fig. 3D; P value = 0.0063 and Pearson
and Spearman coefficients = 0.79 and 0.68, respectively).
ICs values determined in the WCE assay were approx-
imately 5-fold higher than those determined in the
recombinant TDP1 assay (Fig. 3D) reflecting the higher
stringency of the hTDP1 WCE assay over the recombi-
nant TDP1 assay.

TDP2 counter-screening assay
To test the selectivity of TDP1 inhibitors active in the
WCE assay, we set up a counter-screening assay with

TDP2. TDP2 (encoded by the TTRAP/TDP2 gene) was
recently discovered as a key enzyme involved in the repair
of Top2-mediated DNA lesions as it excises the Top2
catalytic tyrosine residue from a trapped Top2-DNA
complex (35-39). Similarly to TDP1, TDP2 cleaves a phos-
photyrosine bond to generate a phosphate product, but
this cleavage occurs preferentially with an opposite polar-
ity compared with TDP1 (Fig. 4A and B; refs. 33, 35,40, 41).
Therefore, both enzymes are phosphotyrosine-proces-
sing enzymes with opposite preferential polarities (3'-Y
for TDP1 and 5'-Y for TDP2; Fig. 4A). In addition, both
enzymes preferentially process the same type of single-
stranded DNA substrates(8, 33), which makes TDP2 a
relevant counter-screening target for TDP1 inhibitors.
Moreover, TDP2 is structurally unrelated to TDP1
(10, 40-42). TDP2 requires magnesium for its catalytic
activity (33, 35), which is not the case for TDP1. There-
fore, TDP2 was chosen as an appropriate counter-
screening enzyme for testing the specificity of our TDP1
inhibitors.

The 10 compounds active in the hTDP1 WCE assays can
be structurally categorized in two groups (Fig. 1C). Two
analogs derived from these two groups, NCGC00183974
(Fig. 1D) and JLT048 (CAS# 664357-58-8; Fig. 1D), both
inhibited recombinant TDP1 at low micromolar concen-
trations (Table 2 and Fig. 4C), and their potency was
maintained in the WCE assay (Table 2). When tested in
parallel against TDP1 and TDP2, JLT048 also inhibited
TDP2, albeit with higher ICs, values (Fig. 4C and D, Table
2). NCGC00183974 was more selective for TDP1 with only
marginal activity against TDP2 at 111 pmol/L (Fig. 4C and
D, Table 2).

Cellular combination treatment with CPT

To determine whether the two compounds could
potentiate the cytotoxic effect of a Topl inhibitor,
NCGC00183974 (Fig. 5A) and JLT048 (Fig. 5B) were
tested in combination with CPT in DT40 hTDP1 cells
for cytotoxicity. We observed no synergistic effect, in
contrast to the PARP inhibitor, veliparib, which showed
the expected strong synergism with CPT (26, 27; Fig. 5C).
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Figure 3. Differential kinetics of
TDP1 reactions in the presence of
different buffers. A, the Lineweaver—
Burk double-reciprocal plot
obtained for recombinant TDP1 in
the presence of HTS buffer or WCE
buffer. B, intersecting curves in the
origin area of the Lineweaver-Burk
o double-reciprocal plot presented in

n-N A. C, concentration response
e H—NH inhibitory curves obtained for
NT TS NCGC00183964 in HTS and WCE

buffers. D, correlation between
recombinant TDP1 (REC) and
endogenous TDP1 (WCE) inhibition
by the compounds presented in
Fig. 1 and Supplementary Table S1.
The regression line is represented
by a solid line, and dashed lines
correspond to 95% confidence
interval.

The two compounds also did not exhibit any cytoto-
xicity, suggesting that they do not enter cells efficiently
and/or are inactivated. Therefore, further structural
optimization is warranted to improve their cellular
profile.

Discussion

TDP1 and TDP2 are two relatively new DNA repair
enzymes, which are rational pharmacologic targets (see
Introduction). Here, we report our screening approach
including the development of a novel WCE gel-based
assay and counter-screening with TDP2, which led to the

identification of two novel TDP1 inhibitors that could
serve as the basis for further development.

The new WCE assay has the advantage of using native
endogenous human TDP1 enzyme in a cellular environ-
ment with its cofactors, binding partners (11, 34) and
posttranslational modifications (43, 44). It is therefore
likely to be more biologically relevant than assays based
on recombinant TDP1, as exemplified by the fact that the
protein kinase inhibitor, 7-hydroxystaurosporine (UCN-
01), was found to inhibit Chk2 purified from cell extract by
immunoprecipitation while being ineffective against the
recombinant Chk2 enzyme (45). WCE also incorporates a
complex cellular mixture, which promotes the adsorption
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of nonspecific small molecules inhibitors to different
cellular proteins and components, providing a more bio-
logically relevant model of inhibitor distribution. The
WCE assay is simpler and cheaper than assays using
recombinant enzymes that require purification steps. In
the present study, WCEs were generated from DT40
chicken lymphoma cells because these cells have a short
doubling time and can be easily grown in large quantity in
suspension. They are frequently used to generate genetic
knockout cell lines (17, 23), and we previously engineered
DTA40 cells to express functional human TDP1 in a TDP1
knockout background (17). WCE from human cells can
also be used in place of the DT40 WCE (46), which should
render the WCE assays applicable to other platforms and
reference cell lines.

The WCE gel-based assay is convenient for drug
screening because the TDP1 substrate is processed in
a single product (Figs. 2 and 4), allowing multiple
loading on a single gel (Fig. 2). The novel WCE assay
was run in a more physiologically relevant buffer than

the qHTS assay (31, 47, 48). When these two buffers
were tested side-by-side, a more efficient TDP1 catalytic
activity was observed in the WCE buffer than in the
qHTS buffer. We observed a large difference in the Ky
of TDP1 and only a slight change (within experimental
error) in its ke, values. This likely reflects the presence
of phosphate salts in the HTS buffer acting as an inhib-
itor for TDP1. Indeed, we have observed that phosphate
likely inhibits TDP1 by competing with its tyrosine-
phosphodiester-DNA substrate (10). The other key dif-
ference between the two buffer systems is the presence
of BSA. After investigating the impact of BSA on the
kinetics of TDP1, we found that the removal of BSA
from the WCE buffer resulted in a lower k., but with
little impact on the Ky, value, which may be the result of
higher protein adhesion to the tube walls (data not
shown). The specific example of TDP1 sheds light on
the general importance of reaction buffers when devel-
oping screening assays, especially when robotic plat-
forms require specific screening conditions.
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Table 2. IC5, values

ICso (Lmol/L)

TDP1 TDP2
Compound Structure Recombinant WCE Recombinant
HO. (0]
HN_O 121 +£1.7 51,59
NCGC00183674 ’ >111
fs (h=4) (n=2)
/©)\N o o~
o
R O, OH 7.7 +1.8 115, 148 32 +£10
JLT048 NW—@—( ’
(g U =9 n=2 n=9

TDP2 is TDP1’s counterpart for the repair of Top2-
mediated DNA lesions with the cleavage of a 5'-phos-
pho-tyrosine bond. Although both enzymes process
single-stranded substrates, they are structurally unre-
lated and differ in their biochemical mechanisms. TDP1
belongs to the phospholipase D family and its catalytic
mechanism involves two histidine-lysine-asparagine
(HKN) motifs and a covalent intermediate (9, 10). On
the other hand, TDP2 is a magnesium-dependent phos-
phodiesterase that hydrolyzes the 5-phosphotyrosyl
bonds without covalent intermediate (33, 40, 41). Dual
TDP1-TDP2 inhibitors are therefore likely to be pro-
miscuous (49).

From the 10 TDP1 hits identified by qHTS and con-
firmed in the WCE assay, two analogs showed selectivity
for TDP1 versus TDP2. Surface plasmon resonance experi-
ments showed that the two compounds interacted with
TDP1 directly without interacting with the DN A substrate

(Supplementary Fig. S2). Yet, these inhibitors have some
potential liabilities. JLT048 incorporates a methyleneimi-
dazolinedione substructure that gives concerns for poten-
tial reactivity as a Michael acceptor (49). NCGC00183974
exhibits a higher selectivity for TDP1, but also inhibit
other DNA-processing enzymes including DNA poly-
merase K (http://pubchem.ncbi.nlm.nih.gov/summary/
summary.cgi?cid=49852749). Also, cellular cytotoxicity
assays indicate that further studies are warranted to
optimize the cellular activity of these series.

In summary, our WCE-based screening approach
allowed stringent hit confirmation from qHTS, reducing
the number of original hits and markedly enhancing the
prospect of discovering selective and relevant inhibitors
of TDP1. These results suggest the value of using WCE for
the screening of TDP1 inhibitors, and the value of recom-
binant TDP1 and TDP2 for second-line screening assays
and mechanism of action studies.
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Figure 5. Cellular survival curves in the presence of CPT and various concentrations of JLT048 (A), NCGC00183674 (B), and veliparib (C) in hTDP1 cells.

Mol Cancer Ther; 13(8) August 2014

Molecular Cancer Therapeutics

Downloaded from mct.aacrjournals.org on May 16, 2021. © 2014 American Association for Cancer Research.


http://mct.aacrjournals.org/

Published OnlineFirst July 14, 2014; DOI: 10.1158/1535-7163.MCT-13-0952

TDP1 and TDP2 Inhibitor Screening

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Disclaimer

The content of this publication does not necessarily reflect the views or
policies of the Department of Health and Human Services, nor does
mention of trade names, commercial products or organizations imply
endorsement by the US Government.

Authors' Contributions

Conception and design: C. Marchand, T.S. Dexheimer, A.S. Rosenthal,
G. Rai, D.J]. Maloney, W.L. Jorgensen, A. Simeonov, Y. Pommier
Development of methodology: C. Marchand, T.S. Dexheimer, W.A. Lea,
A.S. Rosenthal, A. Simeonov, Y. Pommier

Acquisition of data (provided animals, acquired and managed
patients, provided facilities, etc.): C. Marchand, S.-y.N. Huang, B.T.
Mott, A. Chergui, A. Naumova, A.S. Rosenthal, J. Murai, R. Gao,
Y. Pommier

Analysis and interpretation of data (e.g., statistical analysis, biosta-
tistics, computational analysis): C. Marchand, S.-y.N. Huang, T.S.
Dexheimer, A. Chergui, A. Naumova, A.G. Stephen, A.S. Rosenthal,
A. Jadhav, A. Simeonov, Y. Pommier

References

1. Pourquier P, Pommier Y. Topoisomerase |-mediated DNA damage.
Adv Cancer Res 2001;80:189-216.

2. Dexheimer TS, Kozekova A, Rizzo CJ, Stone MP, Pommier Y. The
modulation of topoisomerase |-mediated DNA cleavage and the
induction of DNA-topoisomerase | crosslinks by crotonaldehyde-
derived DNA adducts. Nucleic Acids Res 2008;36:4128-36.

3. Pommier Y, Kohlhagen G, Pourquier P, Sayer JM, Kroth H, Jerina
DM. Benzo[a]pyrene epoxide adducts in DNA are potent inhibitors
of a normal topoisomerase | cleavage site and powerful inducers of
other topoisomerase | cleavages. Proc Natl Acad Sci U S A 2000;
97:2040-5.

4. Pommier Y. DNA topoisomerase | inhibitors: chemistry, biology, and
interfacial inhibition. Chem Rev 2009;109:2894-902.

5. Pommier Y. Drugging topoisomerases: lessons and challenges. ACS
Chem Biol 2013;8:82-95.

6. Dexheimer TS, Antony S, Marchand C, Pommier Y. Tyrosyl-DNA
phosphodiesterase as a target for anticancer therapy. Anticancer
Agents Med Chem 2008;8:381-9.

7. El-Khamisy SF. To live or to die: a matter of processing damaged DNA
termini in neurons. Embo Mol Med 2011;3:78-88.

8. Yang SW, Burgin AB Jr, Huizenga BN, Robertson CA, Yao KC, Nash
HA. A eukaryotic enzyme that can disjoin dead-end covalent com-
plexes between DNA and type | topoisomerases. Proc Natl Acad Sci
U S A 1996;93:11534-9.

9. Interthal H, Pouliot JJ, Champoux JJ. The tyrosyl-DNA phosphodies-
terase Tdp1 is amember of the phospholipase D superfamily. Proc Natl
Acad Sci U S A 2001;98:12009-14.

10. Davies DR, Interthal H, Champoux JJ, Hol WGJ. Crystal structure
of a transition state mimic for Tdp1 assembled from vanadate,
DNA, and a topoisomerase |-derived peptide. Chem Biol 2003;10:
139-47.

11. El-Khamisy SF, Hartsuiker E, Caldecott KW. TDP1 facilitates repair of
jonizing radiation-induced DNA single-strand breaks. DNA Repair
(Amst) 2007;6:1485-95.

12. Zhou T, Akopiants K, Mohapatra S, Lin PS, Valerie K, Ramsden DA,
et al. Tyrosyl-DNA phosphodiesterase and the repair of 3'-phospho-
glycolate-terminated DNA double-strand breaks. DNA Repair (Amst)
2009;8:901-11.

13. Interthal H, Chen HJ, Champoux JJ. Human Tdp1 cleaves a broad
spectrum of substrates, including phosphoamide linkages. J Biol
Chem 2005;280:36518-28.

14. Dexheimer TS, Stephen AG, Fivash MJ, Fisher RJ, Pommier Y. The
DNA binding and 3'-end preferential activity of human tyrosyl-DNA
phosphodiesterase. Nucleic Acids Res 2010;38:2444-52.

Writing, review, and/or revision of the manuscript: C. Marchand, S.-y.N.
Huang, T.S. Dexheimer, B.T. Mott, G. Rai, R. Gao, D.J. Maloney, W.L.
Jorgensen, A. Simeonov, Y. Pommier

Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): C. Marchand, A.S. Rosenthal,
J. Murai, Y. Pommier

Study supervision: C. Marchand, W.L. Jorgensen, Y. Pommier

Acknowledgments
The authors thank Dr. Leyla Celik for computational assistance at Yale.

Grant Support

This study was supported in part by the Intramural Research Program
of the Center for Cancer Research (Z01BC006150), NCI, NIH; by the NIH
R03 grant MH089814-01 (to C. Marchand and Y. Pommier); by the Freder-
ick National Laboratory for Cancer Research, National Institutes of Health,
under contract HHSN261200800001E; and by the NIH grant GM32136 (to
W.L. Jorgensen).

The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received November 5,2013; revised May 2,2014; accepted May 19, 2014;
published OnlineFirst July 14, 2014.

15. Huang SY, Murai J, Dalla Rosa |, Dexheimer TS, Naumova A, Gmeiner
WH, et al. TDP1 repairs nuclear and mitochondrial DNA damage
induced by chain-terminating anticancer and antiviral nucleoside
analogs. Nucleic Acids Res 2013;41:7793-803.

16. Nitiss KC, Malik M, He X, White SW, Nitiss JL. Tyrosyl-DNA phospho-
diesterase (Tdp1) participates in the repair of Top2-mediated DNA
damage. Proc Natl Acad Sci U S A 2006;103:8953-8.

17. Murai J, Huang SY, Das BB, Dexheimer TS, Takeda S, Pommier Y.
Tyrosyl-DNA phosphodiesterase 1 (TDP1) repairs DNA damage
induced by topoisomerases | and Il and base alkylation in vertebrate
cells. J Biol Chem 2012;287:12848-57.

18. El-Khamisy SF, Saifi GM, Weinfeld M, Johansson F, Helleday T, Lupski
JR, et al. Defective DNA single-strand break repair in spinocerebellar
ataxia with axonal neuropathy-1. Nature 2005;434:108-13.

19. Interthal H, Chen HJ, Kehl-Fie TE, Zotzmann J, Leppard JB, Cham-
poux JJ. SCAN1 mutant Tdp1 accumulates the enzyme-DNA inter-
mediate and causes camptothecin hypersensitivity. EMBO J 2005;
24:2224-33.

20. Miao ZH, Agama K, Sordet O, Povirk L, Kohn KW, Pommier Y.
Hereditary ataxia SCAN1 cells are defective for the repair of transcrip-
tion-dependent topoisomerase | cleavage complexes. DNA Repair
(Amst) 2006;5:1489-94.

21. Hirano R, Interthal H, Huang C, Nakamura T, Deguchi K, Choi K, et al.
Spinocerebellar ataxia with axonal neuropathy: consequence of a
Tdp1 recessive neomorphic mutation? EMBO J 2007;26:4732-43.

22, Katyal S, el-Khamisy SF, Russell HR, Li Y, Ju L, Caldecott KW, et al.
TDP1 facilitates chromosomal single-strand break repair in neurons
and is neuroprotective in vivo. EMBO J 2007;26:4720-31.

23. Maede Y, Shimizu H, Fukushima T, Kogame T, Nakamura T, Miki T,
et al. Differential and common DNA repair pathways for topoisomerase
|- and ll-targeted drugs in a genetic DT40 repair cell screen panel. Mol
Cancer Ther 2014;13:214-20.

24. Pouliot JJ, Robertson CA, Nash HA. Pathways for repair of topoisom-
erase | covalent complexes in Saccharomyces cerevisiae. Genes Cells
2001;6:677-87.

25. Takashima H, Boerkoel CF, John J, Saifi GM, Salih MA, Armstrong D,
et al. Mutation of TDP1, encoding a topoisomerase I-dependent DNA
damage repair enzyme, in spinocerebellar ataxia with axonal neurop-
athy. Nat Genet 2002;32:267-72.

26. Das BB, Huang SY, Murai J, Rehman I, Ame JC, Sengupta S, et al.
PARP1-TDP1 coupling for the repair of topoisomerase I-induced DNA
damage. Nucleic Acids Res 2014;42:4435-49.

27. Zhang YW, Regairaz M, Seiler JA, Agama KK, Doroshow JH, Pommier
Y. Poly(ADP-ribose) polymerase and XPF-ERCC1 participate in

www.aacrjournals.org

Mol Cancer Ther; 13(8) August 2014

Downloaded from mct.aacrjournals.org on May 16, 2021. © 2014 American Association for Cancer Research.

2125


http://mct.aacrjournals.org/

2126

Published OnlineFirst July 14, 2014; DOI: 10.1158/1535-7163.MCT-13-0952

Marchand et al.

28.

29.

30.

31.

32.

33.

36.

37.

38.

39.

distinct pathways for the repair of topoisomerase I-induced DNA
damage in mammalian cells. Nucleic Acids Res 2011;39:3607-20.
Bowman KJ, Newell DR, Calvert AH, Curtin NJ. Differential effects of
the poly (ADP-ribose) polymerase (PARP) inhibitor NU1025 on topo-
isomerase | and |l inhibitor cytotoxicity in L1210 cells in vitro. Br
J Cancer 2001;84:106-12.

Patel AG, Flatten KS, Schneider PA, Dai NT, McDonald JS, Poirier GG,
et al. Enhanced killing of cancer cells by poly(ADP-ribose) polymerase
inhibitors and topoisomerase | inhibitors reflects poisoning of both
enzymes. J Biol Chem 2012;287:4198-210.

Huang SN, Pommier Y, Marchand C. Tyrosyl-DNA Phosphodiesterase
1 (Tdp1) inhibitors. Expert Opin Ther Patents 2011;21:1285-92.
Marchand C, Lea WA, Jadhav A, Dexheimer TS, Austin CP, Inglese J,
et al. Identification of phosphotyrosine mimetic inhibitors of human
tyrosyl-DNA phosphodiesterase | by a novel AlphaScreen high-
throughput assay. Mol Cancer Ther 2009;8:240-8.

Inglese J, Auld DS, Jadhav A, Johnson RL, Simeonov A, Yasgar A, et al.
Quantitative high-throughput screening: a titration-based approach
that efficiently identifies biological activities in large chemical libraries.
Proc Natl Acad Sci U S A 2006;103:11473-8.

Gao R, Huang SY, Marchand C, Pommier Y. Biochemical characteri-
zation of human Tyrosyl-DNA phosphodiesterase 2 (TDP2/TTRAP): A
Mg2-+/Mn2+--dependent phosphodiesterase specific for the repair of
topoisomerase cleavage complexes. J Biol Chem 2012;287:30842-52.

. Plo 1, Liao ZY, Barcelo JM, Kohlhagen G, Caldecott KW, Weinfeld M,

et al. Association of XRCC1 and tyrosyl DNA phosphodiesterase
(Tdp1) for the repair of topoisomerase |I-mediated DNA lesions. DNA
Repair (Amst) 2003;2:1087-100.

. Cortes Ledesma F, El Khamisy SF, Zuma MC, Osborn K, Caldecott

KW. A human 5’-tyrosyl DNA phosphodiesterase that repairs topo-
isomerase-mediated DNA damage. Nature 2009;461:674-8.
Pommier Y, Leo E, Zhang H, Marchand C. DNA topoisomerases and
their poisoning by anticancer and antibacterial drugs. Chem Biol
2010;17:421-33.

Nitiss JL. Targeting DNA topoisomerase Il in cancer chemotherapy.
Nat Rev Cancer 2009;9:338-50.

Nitiss JL. DNA topoisomerase Il and its growing repertoire of biological
functions. Nat Rev Cancer 2009;9:327-37.

Fortune JM, Osheroff N. Topoisomerase Il as a target for anticancer
drugs: when enzymes stop being nice. Prog Nucleic Acid Res Mol Biol
2000;64:221-53.

1.

42,

46.

47.

49.

. Shi K, Kurahashi K, Gao R, Tsutakawa SE, Tainer JA, Pommier Y, et al.

Structural basis for recognition of 5-phosphotyrosine adducts by
Tdp2. Nat Struct Mol Biol 2012;19:1372-7.

Schellenberg MJ, Appel CD, Adhikari S, Robertson PD, Ramsden DA,
Williams RS. Mechanism of repair of 5'-topoisomerase II-DNA adducts
by mammalian tyrosyl-DNA phosphodiesterase 2. Nat Struct Mol Biol
2012;19:1363-71.

Davies DR, Interthal H, Champoux JJ, Hol WGJ. Insights into substrate
binding and catalytic mechanism of human tyrosyl-DNA phosphodi-
esterase (Tdp1) from vanadate and tungstate-inhibited structures.
J Mol Biol 2002;324:917-32.

. Hudson JJ, Chiang SC, Wells OS, Rookyard C, EI-Khamisy SF. SUMO

modification of the neuroprotective protein TDP1 facilitates chromo-
somal single-strand break repair. Nat Commun 2012;3:733.

. Das BB, Antony S, Gupta S, Dexheimer TS, Redon CE, Garfield S,

et al. Optimal function of the DNA repair enzyme TDP1 requires its
phosphorylation by ATM and/or DNA-PK. EMBO J 2009;28:
3667-80.

. Yu Q, La Rose J, Zhang H, Takemura H, Kohn KW, Pommier Y.

UCN-01 inhibits p53 up-regulation and abrogates gamma-radia-
tion-induced G(2)-M checkpoint independently of p53 by targeting
both of the checkpoint kinases, Chk2 and Chk1. Cancer Res 2002;
62:5743-8.

Gao R, Das B, Chatterjee R, Abaan OD, Agama K, Matuo R, et al.
Epigenetic and genetic inactivation of tyrosyl-DNA-phosphodiester-
ase 1 (TDP1) in human lung cancer cells from the NCI-60 panel. DNA
Repair 2014;13:1-9.

Antony S, Marchand C, Stephen AG, Thibaut L, Agama KK, Fisher RJ,
et al. Novel high-throughput electrochemiluminescent assay for iden-
tification of human tyrosyl-DNA phosphodiesterase (Tdp1) inhibitors
and characterization of furamidine (NSC 305831) as an inhibitor of
Tdp1. Nucleic Acids Res 2007;35:4474-84.

. Dexheimer TS, Gediya LK, Stephen AG, Weidlich |, Antony S, Marc-

hand C, et al. 4-Pregnen-21-0l-3,20-dione-21-(4-bromobenzenesul-
fonate) (NSC 88915) and related novel steroid derivatives as tyrosyl-
DNA phosphodiesterase (Tdp1) inhibitors. J Med Chem 2009;52:
7122-31.

Baell JB, Holloway GA. New substructure filters for removal of pan
assay interference compounds (PAINS) from screening libraries
and for their exclusion in bioassays. J Med Chem 2010;53:
2719-40.

Mol Cancer Ther; 13(8) August 2014

Molecular Cancer Therapeutics

Downloaded from mct.aacrjournals.org on May 16, 2021. © 2014 American Association for Cancer Research.


http://mct.aacrjournals.org/

Published OnlineFirst July 14, 2014; DOI: 10.1158/1535-7163.MCT-13-0952

AAC American Association
for Cancer Research

Molecular Cancer Therapeutics

Biochemical Assays for the Discovery of TDP1 Inhibitors

Christophe Marchand, Shar-yin N. Huang, Thomas S. Dexheimer, et al.

Mol Cancer Ther 2014;13:2116-2126. Published OnlineFirst July 14, 2014.

Updated version

Supplementary
Material

Access the most recent version of this article at:
doi:10.1158/1535-7163.MCT-13-0952

Access the most recent supplemental material at:
http://mct.aacrjournals.org/content/suppl/2014/05/28/1535-7163.MCT-13-0952.DC1
http://mct.aacrjournals.org/content/suppl/2016/04/15/1535-7163.MCT-13-0952.DC2

Cited articles

Citing articles

This article cites 49 articles, 17 of which you can access for free at:
http://mct.aacrjournals.org/content/13/8/2116.full#ref-list-1

This article has been cited by 3 HighWire-hosted articles. Access the articles at:
http://mct.aacrjournals.org/content/13/8/2116.full#related-urls

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://mct.aacrjournals.org/content/13/8/2116.

Click on "Request Permissions"” which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from mct.aacrjournals.org on May 16, 2021. © 2014 American Association for Cancer Research.


http://mct.aacrjournals.org/lookup/doi/10.1158/1535-7163.MCT-13-0952
http://mct.aacrjournals.org/content/suppl/2014/05/28/1535-7163.MCT-13-0952.DC1
http://mct.aacrjournals.org/content/suppl/2016/04/15/1535-7163.MCT-13-0952.DC2
http://mct.aacrjournals.org/content/13/8/2116.full#ref-list-1
http://mct.aacrjournals.org/content/13/8/2116.full#related-urls
http://mct.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://mct.aacrjournals.org/content/13/8/2116
http://mct.aacrjournals.org/

