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Abstract

Tyrosyl DNA phosphodiesterase 2 (TDP2) facilitates the repair of topoisomerase Il (TOP2)-linked
DNA double-strand breaks and as a consequence is required for cellular resistance to TOP2
“poisons”. Recently, a deazaflavin series of compounds were identified as potent inhibitors of
TDP2, in vitro. Here, however, we show that whilst deazaflavins can induce cellular sensitivity

to the TOP2 poison etoposide they do so independently of TDP2 status. Consistent with this,

both the cellular level of etoposide-induced TOP2 “cleavage complexes” and the intracellular
concentration of etoposide was increased by incubation with deazaflavin, suggesting an impact of
these compounds on etoposide uptake/efflux. In addition, deazaflavin failed to increase the level of
TOP2 cleavage complexes or sensitivity to m-AMSA, a different class of TOP2 poison to which
TDP2-defective cells are also sensitive. In conclusion, whilst deazaflavins are potent inhibitors of
TDP2 in vitro their limited cell permeability and likely interference with drug influx/efflux limits
their utility, in cells.

Introduction

TDP2 is a human 5’-tyrosyl DNA phosphodiesterase that mediates the hydrolytic removal of
TOP?2 peptide from the 5’-terminus of topoisomerase Il (TOP2)-induced DNA double-strand
breaks (DSBs) 1. As such, TDP2 influences levels of cellular sensitivity to TOP2 poisons?:3;
a chemically diverse class of anti-cancer compounds that include podophylotoxins (e.g.
etoposide and teniposide), anthracyclines (e.g. doxorubicin, daunorubicin), and amsacrine
(m-AMSA) and all of which promote the formation of TOP2-linked DNA double-strand
breaks (DSBs)*®. TDP2 has also been identified as the host cell enzyme that can remove
either Vpg from the 5°-termini of RNA molecules in certain types of enterovirus®’ and

viral reverse transcriptase from the 5’-terminus of hepatitis B circular DNA molecules8?®.
Consequently, small molecule inhibitors of TDP2 have potential therapeutic value both in
cancer therapy and as anti-viral drugs. We and others recently described the identification

of deazaflavins as potent and specific inhibitors of TDP2 in vitro1%-12, These compounds
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interact with a hydrophobic shelf in TDP2 to which the substrate DNA binds and

gains access to the active sitell. To address the cellular activity of the deazaflavins, we
examined here three deazaflavines for their impact on cellular sensitivity to the TOP2
poisons etoposide and m-AMSA. In contrast to a previous report'2, we report that the
deazaflavines do not significantly inhibit TDP2 in cells, most likely because of poor cell
permeability. In fact, surprisingly, we show here that some members of this chemical family
act independently of TDP2 and increase the cellular uptake and/or retention of etoposide,
resulting in phenotypes reminiscent of TDP2 inhibition but which are nevertheless “off-
target”.

Results and Discussion

Deazaflavin compounds are potent small-molecule inhibitors of human TDP2, in vitrol!

To examine the efficacy of these inhibitors in cells we chose the most potent of these;
compound 163 (IC50 ~40nM; Fig.1A)10-11 However, we failed to observe any increase
in sensitivity to the TOP2 poison etoposide in human A549 cells in the presence of

10pM of 163 (Fig.1B). We surmised that the high polar surface area (tPSA 140 A2) and
negatively charged tetrazole moiety (pKa 4.28) may limit passive cell permeability. In an
attempt to profile compounds with improved permeability we selected an additional two
compounds from the same series; compound 146 (IC50 ~600nM)20 and compound 3 (IC50
~40nM)(Fig.1A). We anticipated that both compounds would have improved passive cell
permeability compared to 163 as they are predicted to be predominantly uncharged at
physiological pH and have a lower polar surface area of 85 and 97 AZ respectively. In
contrast to 163, 146 resulted in a significant increase in etoposide sensitivity in human
Ab549 cells (Fig.1B). However, this was not the case for m-AMSA, a second TOP2 poison
(Fig.1C). This discrepancy was puzzling, because although etoposide and m-AMSA are
chemically distinct TOP2 poisons they both promote TOP2-induced DSBs that require
TDP2 for efficient repair3.

Deazaflavins induce etoposide sensitivity independently of TDP2 status

To examine the cellular specificity of the deazaflavins further, we employed 7DP277
chicken DT40 cells stably transfected with empty expression vector (7DP27-(V)) or vector
encoding human TDP2 ( 7DP2!--(0TDP2)2 Consistent with the experiments described
above, 146 resulted in elevated sensitivity to etoposide in ( 7DP2"-- ("TDF2) cells expressing
functional human TDP2 (Fig.2A). Surprisingly, however, a similar level of increased
sensitivity was observed with 3, despite this compound being ~20-fold more potent in

a biochemical assay (Fig.2B). This suggested that the increased sensitivity to etoposide
conferred by the two deazaflavines may be unrelated to their anti-TDP2 activity. Indeed, the
two compounds also increased etoposide sensitivity in 7DP2- (V) cells, which lack cellular
TDP2, confirming that the cellular activity of these compounds with respect to etoposide
was independent of TDP2 and thus was “off-target” (Fig.2A & 2B). Notably, we observed
similar results in human cells lacking TDP2 (unpublished observations).

ACS Chem Biol. Author manuscript; available in PMC 2022 July 25.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Komulainen et al. Page 3

Deazaflavins increase the level of etoposide-induced TOP2 cleavage complexes

The cytotoxicity of TOP2 poisons reflects their propensity to trap TOP2 protein-DNA
intermediates known as “cleavage complexes”, in which TOP2 is covalently linked to the
5°-termini of the DNA breaks®. Given that the impact of the deazaflavin compounds tested
here was etoposide-specific, we considered it likely that these compounds might impact on
etoposide uptake or efflux, thereby increasing the amount of TOP2 cleavage complexes
induced by etoposide. To explore this, we measured the induction of covalent TOP2
cleavage complexes in A549 cells by etoposide and m-AMSA directly, in the presence and
absence of 146. In this assay, cells were pre-labelled with 3H-thymidine to label genomic
DNA, lysed and sheared in hot SDS to denature proteins and dissociate non-covalent
protein-DNA complexes, and covalent protein-DNA complexes then precipitated on ice

by the addition of salt and centrifugation13-15 (see the Methods section for details). As
expected, etoposide increased the amount of covalent protein-DNA complexes in human
Ab549 cells >10-fold (Fig.2C). More importantly, whereas 146 did not itself measurably
increase the level of covalent protein-DNA complexes, it elevated the level of etoposide-
induced complexes ~2.5-fold (Fig.2C). Critically, however, similar to our clonogenic
survival assays, 146 failed to increase the level of protein DNA cross links induced by
m-AMSA, once again indicating that the cellular impact of the deazaflavin compounds was
specific to etoposide (Fig.2D).

Deazaflavin increases etoposide uptake and/or efflux

To explain the above results, we reasoned that the cellular permeability of the deazaflavin
163 is most likely too low to inhibit intracellular TDP2, thus explaining its lack of impact on
cellular sensitivity to m-AMSA. However, in the case of compounds 146 and 3 we propose
that the rapid efflux of these compounds perhaps competes with the efflux of etoposide such
that the intracellular level of this TOP2 poison is increased. To test this, we measured the
impact of 146 on the intracellular accumulation of 3H-etoposide, directly. These experiments
confirmed that 146 indeed increased the cellular concentration of etoposide by ~2-fold,

most likely explaining both the ~2-fold increase in TOP2 cleavage complexes and elevated
cytotoxicity induced by etoposide in the presence of 146 (Fig. 2E). We note that these

data contrast to a previous report, in which it was concluded that compound 163 increased
sensitivity to etoposidel2. We do not know why our results differ from those of the previous
report but it is possible that it is related to the use of different experimental procedures.

For example, we employed clonogenic survival rather than the metabolic (ATP-based)
assays employed in the previous report, which is a more direct measure of cell viability.

It is important that any future deazaflavine derivatives, or other TDP2 inhibitors, that are
developed are tested for cellular efficacy not only with etoposide but with other types of
TOP2 poison such as mMAMSA, and that they are tested in parallel in TDP2 defective cells.

In summary, we show here that the deazaflavins, whilst potent and specific TDP2 inhibitors
in vitro, do not confer activity against this DNA repair protein in cells, most likely because
of poor cell permeability. However, we find that some members of this class of compound
inadvertently result in elevated cellular uptake and/or retention of etoposide, resulting

in phenotypes that are consistent with loss of TDP2 activity but which are nevertheless
independent of TDP2 and are thus “off-target”.
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Methods

Cells and cell culture

Chicken DT40 B lymphoma cells were cultured in RPMI 1640 medium supplemented with
10 M B-mercaptoethanol, penicillin, streptomycin, 10% horse serum, and 1% chicken
serum (Sigma) at 39°C. The generation of 7DP2'"- DT40 cells and their complementation
with human TDP2 (7DP2- (W TDF2) was previously described?. A549 cells were cultured in
DMEM medium supplemented with penicillin, streptomycin and glutamine at 37°C.

Clonogenic survival assays

DT40 cells were seeded in 5ml medium containing 1.5% wt/vol methylcellulose (Sigma) in
6-well plates at 50, 500 and 5000 cells per well, and containing the indicated concentrations
of either etoposide (Sigma-Aldrich), amsacrine hydrochloride (m-AMSA, Sigma-Aldrich),
with or without the indicated deazaflavin compounds. Visible colonies were counted after
7-10 days of incubation at 39°C. A549 cells were plated in 10cm dishes at 300 or 1500 cells
per dish, and 4h later treated with indicated concentrations of m-AMSA or etoposide. The
cells were fixed and stained using Crystal Violet after twelve days incubation at 37°C.

Measurement of covalent protein-DNA complexes (cleavage complex assay)

The assay was conducted essentially as described3-15, Briefly, A549 cells were seeded in
10cm dishes at 5x10° cells per dish. 24h later, 3 pCi/ml [Methyl-3H]-thymidine (Perkin
Elmer) was added to label DNA and after 24h the cells were rinsed in warm PBS and
replaced incubated in label-free medium. The cells were treated with DMSO vehicle or

10 uM deazaflavine compound for 60 min, followed by a further 60 min in the additional
presence of either 30uM etoposide or 5uM m-AMSA, as indicated. After rinsing twice in

ice cold PBS, the cells were lysed in 1ml hot (65°C) lysis buffer (1.25% SDS, 5mM EDTA,
0.4mg/ml salmon sperm DNA) and their chromosomal DNA was extensively sheared by
passage through a 25G needle, 15 times. Proteins were then precipitated by the addition of
0.25ml 325mM KCI and incubation of the samples on ice for 10 min. The protein precipitate
was then pelleted by resuspension in 1ml wash buffer (10mM Tris-HCI, pH 7.5, 100mM
KCI, 2mM EDTA, 0.1mg/ml salmon sperm DNA) at 60°C for 10 minutes. After a second
cycle of protein precipitation as described above, to remove residual DNA that was not
covalently linked to protein, the protein pellet was resuspended in H,O and the amount of
[Methyl-3H]-thymidine labelled DNA present in the samples was quantified in a scintillation
counter. The counts per minute (CPM) from [Methyl-3H]-thymidine labelled DNA in the
precipitated sample was normalized to the total CPM from a non-precipitated sample.

Etoposide uptake assay

The DNA in A549 cells was labelled for 24 hr by incubation in medium containing with
0.02uCi/ml [Methyl-14C]-thymidine (Perkin Elmer), and the cells then seeded into 10 cm
dishes. 4 hr later, the cells were incubated with DMSO or 10 uM deazaflavin for 60 min
followed by a further 60 min in the additional presence of 10 pCi [3H]-Etoposide (Moravek
Biochemicals, Inc.). The cells were washed twice in ice-cold PBS and added to liquid
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scintillant. For each sample, the [3H]-Etoposide CPM was normalized using the CPM from
[Methyl-14C]-thymidine.
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Fig.1. Structure and activity of deazaflavinsin A549 cells.
A, Structure of the deazaflavin compounds employed in this study. B, Impact of the

deazaflavins 163 and 146 on the sensitivity of human A549 cells to etoposide. A549
cells in 10cm dishes were incubated with DMSO vehicle or 10uM 163 or 146 and with
the indicated concentration of etoposide for 10-14 days. Visible colonies were then fixed,
stained, and counted. Data are the mean +/- SEM of 3 independent experiments, and
statistically significant differences (*p<0.05, **p<0.005, ***p<0.0001) between survival
curves were measured by ANOVA. C, Impact of 163 and 146 on A549 sensitivity to
m-AMSA. Experiments were conducted as above.
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Fig.2. Deazaflavins can affect the cellular retention and toxicity of etoposide independently of

TDP2 status.

A, TDP2”/* chicken DT40 cells stably transfected with empty vector (7DP2"-(V)) or

with expression construct encoding human TDP2 ( TDP27//{"TDP2) were treated for 7-10
days with the indicated concentrations of etoposide, in the absence or presence of the
deazaflavine 146. Visible colonies were counted, and clonogenic survival plotted as in Fig.1.
Data are the mean +/- SEM of 3 independent experiments, and statistically significant
differences (*p<0.05, **p<0.005, ***p<0.0001) between survival curves were measured by
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ANOVA. B, The indicated 7DP277- chicken DT40 cells were treated with etoposide in the
absence or presence of the deazaflavine, 3, as described above. C & D, The impact of
deazaflavin on induction of TOP2 cleavage complexes by etoposide (B) and m-AMSA (C).
Ab549 cells pre-labelled with [3H]-thymidine were treated with DMSO vehicle or 146 for 1
hr and then for a further 1 hr in the presence of 30uM etoposide or 5uM m-AMSA. Covalent
TOP2-DNA complexes were quantified by the amount of [3H]-thymidine labelled DNA
(CPM) present in cellular protein precipitates. Data are the mean +/- SD of 3-4 independent
experiments, and statistically significant differences were determined by Student’s t-test
(***p=0.009). E, Impact of the deazaflavin compound 146 on etoposide uptake and/or
retention in A549 cells. Cells were pre-treated with DMSO vehicle or10 pM 146 for 60

min followed by a further 60 min in the additional presence of 10 uCi [3H]-etoposide.

The tritium present in each cell sample was quantified by scintillation counting and the
results were normalized to the [14C]-thymidine content of each sample. The fold change

in normalised [3H]-Etoposide CPM in the presence of deazaflavin, relative to that in the
absence of deazaflavin, was plotted. Data are the mean of 3 independent experiments.
(**p=0.002,, Student’s t-test), and the normalised 3H counts observed in each individual
experiment are shown in the table.
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