DOI 10.18699/BGRS/SB-2020-347

Sensitization mechanism of cells with TDP1 inhibitors
to the action of topotecan

Nadezhda S. Dyrkheeva
Institute of Chemical Biology and
Fundamental Medicine SB RAS
Novosibirsk, Russia

IrinaV. II’ina
N.N. Vorozhtsov Novosibirsk Institute
of Organic Chemistry SB RAS
Novosibirsk, Russia

Nikolay S. Li-Zhulanov
N.N. Vorozhtsov Novosibirsk Institute
of Organic Chemistry SB RAS
Novosibirsk, Russia

Abstract — A novel structural type of monoterpene-
derived tyrosyl-DNA phosphodiesterase 1 (TDP1) inhibitors
have been discovered that was synthesized through
preliminary isomerization of (+)-3-carene to (+)-2-carene
followed by reaction with heteroaromatic aldehydes. All
compounds inhibit the TDP1 enzyme at micro- and
submicromolar levels with the most potent compound having
an IC50 value of 0.65 pM. TDP1 is an important DNA repair
enzyme and promising inhibition target for the development
of new chemosensitizing agents. Panel of isogenic clones of the
HEK293FT cell line knockout for TDP1 gene was created
using the CRISPR-Cas9 system. Cytotoxic effect of topotecan
(Tpc) and non-cytotoxic compounds of the novel structural
types were investigated separately and jointly on the TDP1
gene knockout cells. For two TDP1 inhibitors synergistic
effect was observed with Tpc on HEK293FT parental wild-
type cells but was not found on TDP1-/- cells. Thus, it is likely
that the synergistic effect with Tpc for these compounds on
HEK?293FT cell growth is caused by TDP1 activity inhibition.
The synergy was also found for these compounds on the
cancer cell lines. Such an approach in chemotherapy, with a
sensitizing effect when adding a non-cytotoxic drug, can
enhance the efficacy of currently used pharmaceuticals and
concomitantly reduce the potential for toxic side effects.
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Introduction

There are a number of problems arising in the course of
chemotherapeutic treatment for oncological diseases,
namely, low efficiency of chemotherapy, the resistance of
malignant tumors to drugs, numerous side effects and high
toxic load on the body. The cytotoxic effect of
chemotherapy is caused by DNA damage, and the ability of
cells to recognize and repair DNA lesions results in
resistance. The design of new compounds that inhibit DNA
repair enzymes is a promising strategy for potentiating the
cytotoxicity of DNA damaging agents in clinical use. The
enzymes involved in DNA repair, for example, tyrosyl-
DNA-phosphodiesterase 1 (TDP1), are promising
therapeutic targets for the treatment of cancer [1-4]. Being
one of the DNA repair enzymes, TDP1 plays a key role in
the removal of DNA lesions, including those resulting from
the action of DNA topoisomerase I (TOP1) inhibitors.
TOP1 is an essential enzyme that regulates DNA topology
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by reducing DNA supercoiling. TOP1 introduces a transient
single-strand break in DNA, enabling the broken strand to
rotate around the TOP1-bound DNA during fundamental
cellular events such as replication, transcription, and repair
[5]. TOP1 inhibitors, for example, topotecan (Tpc), are
important chemotherapeutic agents that stabilize the
cleavage complex TOPI1-DNA, thereby inducing
significant DNA damage leading to cell death [6]. However,
TDP1 removes lesions caused by TOP!1 inhibitors thus
reducing their efficacy and leading to resistance [7-9]. A
promising approach to increase the selectivity and potency
of TOP1 inhibitors to cancer cells is to combine them with
TDP1 inhibitors. In recent years, TDP1 inhibitors of various
types have been discovered [1-4] including natural product
derivatives. Monoterpenes, which have a unique diverse
structure and are inexpensive, available and often
enantiomerically pure is an attractive renewable raw
material for the development of physiologically active
agents. Some of the derivatives exhibit analgesic, antiviral,
neuroprotective  and  antitumor  properties  [10].
Monoterpene (+)-3-carene is one of the main components of
turpentine. In the current work we have studied anti-TDP1
activity of (+)-3-carene derivatives for the first time. For this
purpose, two sets of (+)-3-carene derivatives of new
structural types were synthesized and tested as potent TDP1
inhibitors.

To clarify the inhibitors’ action on the cellular level a
panel of HEK293FT TDP1 knockout isogenic clones was
created using the CRISPR-Cas9 approach. The cytotoxic
effect of Tpc and the new TDP1 inhibitors was measured
separately and jointly.

Results

We tested 15 compounds synthesized starting from (+)-
3-carene for their TDP1 inhibitory properties by measuring
their ICso (half maximal inhibitory concentration) values
using a real-time fluorescent oligonucleotide biosensor [11].
This biosensor demonstrated high sensitivity and specificity
for detection of TDP1. The ICsq values for substances with
heterocyclic substituents varied from 0.65 pM to 28 uM.

To examine the potential impact of TDP1 knockout on
cell survival under the treatment by the synthesized
compounds, we generated HEK293FT TDP1 deficient



(TDP1-/-) cell line. Using paired gRNA CRISPR-Cas9
strategy and polymerase chain reaction (PCR) screening of
cell clones we obtained clones containing deletions in the
first protein coding exon of TDP1 gene. After sequencing
and first treating of TDP1 proficient (wild-type) and TDP1
deficient (TDP1-/-) cells with increasing concentrations of
Tpc we selected one clone for subsequent work as it has
homozigous deletion causing open reading frame shift in
both alleles of the TDP1 gene. It was subsequently screened
by biochemical assay for 3’-phosphotyrosyl cleavage
activity to identify detectable TDP1 activity in the cell
extract. There was no established cleavage activity in the
TDP1-/- cell extract in contrast to control WT cell extract
and purified TDP1. Than we analyzed, using colorimetric
test, the relative amount of viable cells after treating
HEK293FT WT and TDP1 deficient (TDP1-/-) cells with
increasing concentrations of Tpc for 72 hours. TDP1
knockout reduced cells viability after Tpc treatment, thus
HEK293FT TDP1-/- cells where more sensitive to Tpc,
thus reflecting the contribution of TDP1 on cell survival.

An analysis of the intrinsic cytotoxicity for the
synthesized compounds was performed on HEK293FT WT
and TDP1 deficient (TDP1-/-) cell lines by colorimetric
test. We tested several compounds with the highest TDP1
inhibitory activity. Cytotoxicity is absent or insignificant in
the range of studied concentrations (0.08-100 pM) for all
the compounds for both cell lines, which is of great
importance in terms of the absence of additional side
effects of cancer therapy.

TDP1 can work against the action of TOP1 poison such
as Tpc due to the ability to cleave the TOP1-DNA stalled
complex. Thus, TDPIl inhibition could increase the
efficiency of TOPI poisons. Next, we checked the
influence of the most effective TDP1 inhibitors on the
cytotoxic effect of Tpc on the HEK293FT WT and mutant
cell lines. We tested HEK293FT cells viability after
treatment with 11h and 12k alone and with Tpc. There is
suppressed cell growth in the joint presence of TDP1
inhibitor and Tpc on WT cells and no effect of Tpc presence
in TDP1 deficient cells (Fig. 1). Thus, the synergistic action
of Tpc in conjunction with 11h and 12k on HEK293FT WT
cells is likely due to the TDP1 inhibition making this
enzyme the main target of action.
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Fig. 1. TDP1 inhibitors’ (11h and 12k) cytotoxicity with topotecan (Tpc)
on HEK293FT WT and TDP1-/- cells.
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Conclusions

We found a new class of TDP1 inhibitors with activity
in the low micromolar or submicromolar concentrations, it
was synthesized based on readily available monoterpene 3-
carene. All the tested derivatives exhibited low intrinsic
cytotoxicity when tested on various cell lines (data not
shown). We created a panel of isogenic clones of
HEK293FT cell line knockout for TDP1 using the CRISPR-
Cas9 system and selected one clone for the experiments. We
investigated the cytotoxic effect of Tpc and two TDPI
inhibitors separately and jointly on TDP1 gene knockout
cells. HEK293FT TDP1-/- cells were more sensitive to Tpc
compared to WT cells. For both tested compounds we
observed cell growth suppression in the presence of Tpc
only for WT cells but not for the TDP1 knockout cells. Thus,
it is likely that the synergistic effect with Tpc on HEK293FT
cell growth is only caused by TDP1 activity inhibition by
these two new compounds minimizing any off-target
effects. Two most promising compounds with the best
combination of TDPI1 inhibition exhibited ICso values of
0.75 uM and 1.20 pM and demonstrate low cytotoxicity at
concentrations up to 100 uM and enhancement of the Tpc
efficacy on the cells. Thus, these new inhibitors are
promising candidates for adjuvant therapy, mainly due to
the absence of additional toxic load.
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