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ABSTRACT: The TOP2 poison etoposide has been implicated in the generation of secondary malignancies during cancer
treatment. Structural similarities between TOP2 isoforms challenge the rational design of isoform-specific poisons to further
delineate these processes. Herein, we describe the synthesis and biological evaluation of a focused library of etoposide
analogues, with the identification of two novel small molecules exhibiting TOP2B-dependent toxicity. Our findings pave the
way towards studying isoform-specific cellular processes by means of small molecule intervention.

INTRODUCTION

Small molecules can interfere with DNA-templated
processes with valuable spatiotemporal resolution,
providing the means to trigger and modulate disease-
relevant mechanisms." TOP2 are nuclear enzymes re-
quired to unfold and release DNA topological strain
through the cleavage, strand passage and re-ligation of
double-stranded DNA.? This molecular event involves the
formation of reversible enzyme-DNA covalent complex-
es, representing an intrinsic threat that can lead to cell
death. Clinically approved anti-neoplastic agents that
target TOP2 operate by stabilizing the normally transient
covalent protein-DNA complexes, thereby preventing re-
ligation.® The proteolytic degradation of such complexes
reveals DNA double-strand breaks (DSBs), which in turn
activate the DNA-damage response (DDR) machinery to
repair DNA lesions.* Unrepaired DSBs can either trigger
cell death or, alternatively promote genome rearrange-
ments associated with therapy related leukemia.® Etopo-
side (VP-16)° targets both TOP2 isoforms in mammalian
cells.” The a isoform (TOP2A) is required for replication,®
whereas both isoforms are involved in transcription.®
Recent findings implicate TOP2B in VP-16-induced

DNA-breaks and carcinogenesis, whereas the desired
toxicity against cancer cells has been proposed to rely
on the targeting of TOP2A.>' While isoform-selective
TOP2 poisons can provide valuable mechanistic in-
sights,®®"" the structural homology between TOP2
isoforms has so far challenged the development of po-
tent isoform-specific VP-16-derived drugs. The high-
resolution crystal structure of a ternary VP-16-TOP2B
catalytic core-DNA complex has revealed unprecedented
information on the binding mode of VP-16."> Remarka-
bly, the glycosidic moiety of VP-16 is in close spatial
proximity to a polar glutamine residue (Q778) of TOP2B,
a position that is occupied by an apolar methionine
(M762) in TOP2A. Hence, we sought to take advantage
of this structural variation to explore the ability of synthet-
ic analogues of VP-16 to differentially poison either iso-
form in human cancer cells. Interestingly, TOP2B778Q
and TOP2A762M align with residue serine 83 in gyrase
A, a bacterial type |l topoisomerase and it has been
shown that mutations in serine 83 confer resistance to 4-
quinolone antibiotics. This finding functionally demon-
strates that a single residue alteration in the active site
can alter drug targeting, thus lending strong support to
our approach.™
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Scheme 1. Synthetic strategy and molecular structures of VP-16 analogues.
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RESULTS AND DISCUSSION

A library of 34 small molecules was prepared based on
the main scaffold of VP-16 (Scheme 1). Each analogue
consisted of the replacement of the sugar moiety with a
triazole-containing fragment conveniently introduced by
means of thermal or copper catalyzed alkyne-azide cy-
cloadditions (Supporting Information). We explored vari-
ous linker length, steric hindrance and polarity. Ana-
logues could be categorized in two main classes based
on the nature of the triazole orientation (Type 1 vs Type
2, Scheme 1), comprising polar substituents expected
to be either positively or negatively charged at physiolog-
ical pH, H-bond acceptor/donor as well as aromatic and
aliphatic fragments. Additionally, this focused library
contained both 4’-demethyl and -methylated counter-
parts to further explore the effect of this substitution on
the TOP2 isoform-specific targeting capacity of the small
molecules.

To assess the ability of each analogue to poison TOP2
in cellulo, we performed a “trapped in agarose DNA
immunostaining” (TARDIS) assay, which allows for the
quantification of drug-stabilized TOP2-DNA complexes
using isoform-specific immunofluorescence detection.'™
The library was first screened in a single-dose experi-
ment in K562 human leukemia cells, known to express
similar levels of both isoforms (Table S1- S2, Support-
ing Informa‘[ion).‘5 From this initial screen, we identified
compounds 6, 7, 8 and 9 (Scheme 1) as TOP2 poi-
sons, which were subsequently investigated in more
detail including dose-response treatments (Figure
1A/B and Figure S1-S6, Supporting Information). We
found that analogues harboring an aliphatic spacer
and/or a type 2 triazole-linker exhibited a wide range of
activity, presumably due to a high degree of rotational
freedom enabling stabilizing interactions within the bind-
ing pocket of TOP2. While each active small molecule
targeted both isoforms, our analysis revealed that 6

exhibited a detectable preference for TOP2B over
TOP2A compared to VP-16. The introduction of a 4’-
methoxy substituent completely abolished the activity of
the small molecules, perhaps reflecting the ability of the
4’-OH to interact with a key residue of TOP2B." Moreo-
ver, negatively charged derivatives where inactive, in line
with the poor capacity of such functional groups to op-
erate near nucleic acids due to electrostatic repulsion
with the DNA phosphate backbone. Hence, compound
10 (Scheme 1), which contains both a 4’-methoxy
substitution and a negatively charged group, was used
as a negative control in subsequent experiments.

These results prompted us to investigate whether the
trapping of TOP2-DNA covalent complexes led to the
production of DSBs. Thus, we monitored the occurrence
of a surrogate mark of DSBs, the phosphorylation of
histone protein H2A, X variant on Ser139 (termed
y-H2AX), one of the earliest cellular events in response
to DNA damage.'® To do so, we independently treated
K562 cells with 100 uM of each analogue and monitored
y-H2AX by means of immunofluorescence (Figure
1A/C and Figure S6, Supporting Information). Con-
sistent with the TARDIS data, the small molecules that
poisoned TOP2 triggered the production of y-H2AX
characteristic of the DDR, with the general trend of 6 > 8
> 9 > 10. In contrast to the TARDIS data, we observed
that compound 7 displayed a superior ability to generate
DSBs compared to the other synthetic analogues that
was comparable to VP-16, whilst exhibiting a similar
TOP2 targeting capacity compared to 6. Since the acti-
vation of the DDR requires the enzymatic processing of
the TOP2-DNA-drug complexes,* this result suggested
that ternary complexes formed with 7 may be detected
and processed differently than complexes formed with
the other analogues. It is conceivable that a more favor-
able kinetics of ternary complex formation with 7 led to a
faster proteolytic processing and a higher rate of DSBs
mark production. However we cannot rule out that com-
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pound 7 exerts its activity partly as a result of a TOP2-
independent mechanism.

We next investigated the contribution of each isoform
to the inhibition of Nalm-6 leukemia cell proliferation
upon treatment with VP-16 analogues. While TOP2B
double knockout cells are viable, TOP2A is essential for
cell survival. Thus, we employed Nalm-67"%**" express-
ing ~50% of TOP2A compared to wild-type (WT) and
Nalm-6"9"?"" |acking TOP2B.5"""
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Figure 1. A) Microscope images showing the nucleus
(blue), trapped TOP2 (green) and y-H2AX (red). B) Quantifi-
cation of fluorescence in the TARDIS assay normalized
against VP-16-treated cells. C) Quantification of fluores-
cence in y-H2AX positive cells normalized against VP-16-
treated cells. Cells were treated with 100 uM VP-16, 6, 7,
8,9, 10 or DMSO (-ve). Scale bars, 100 um.

We found that compounds 6 and 7 were the most po-
tent analogues of the series with ICg, values of 0.62 uM
and 1.2 uM against WT cells (Table 1), respectively,
consistent with the data obtained from TARDIS and
y-H2AX assays. Interestingly, Nalm-6"°"2"" cells were
less susceptible to growth inhibition by 6 and 7 than WT
and Nalm-679"**" cells, with ICx, values of 1.32 uM and
2.36 uM, respectively. In contrast, VP-16 was more
potent against the Nalm-6"9"?2"" compared to Nalm-
679PA*" cells. Altogether, these results indicated that cell
death inducted by 6 and 7 involved TOP2B targeting to
a greater extent than for growth inhibition by VP-16. It is
noteworthy that 6 and 7, which contain positively
charged substituents, displayed a higher potency com-
pared to the other analogues, consistent with the ability

Journal of Medicinal Chemistry

of such functionalities to engage electrostatic interac-
tions with polar amino acid residues such as the one
found at residue 778 of TOP2B. As anticipated, the neu-
tral (9) and negatively charged (10) analogues, which
induced low levels of y-H2AX, exhibited little anti-
proliferative properties against the cell lines studied.
Strikingly, we found that compound 8 exhibited almost
identical IC, values against WT and Nalm-6""**" cells
(~3.4/3.5 uM), while it was significantly more potent
against Nalm-6772" cells with an ICx, value of 1.92 uM.
This atypical profile suggested a more complex mecha-
nism of action for compound 8 compared to the other
analogues.

Table 1. 1G5, values and selectivity against
TOP2A and TOP2B

I1C50 (M) ICsq ratio
wT TOP2A+/-  TOP2B-/- TO%’:*/ i TO%? i
oo e e o | w
6 O('fgf 0.85+0.02 1(')351* 14 2.1
7 12£01 190008 2(')387* 16 20
8 34:02 85201 1557: 10 06
9 36?861 N.D. N.D. N.D. N.D.
10 >10 N.D. N.D. N.D. N.D.

Cell lines: Nalm-6 (WT), Nalm-6"°"** (TOP2A+/-) and
Nalm-6"9"28" (TOP2B-/-). Data are means +SD from 3
replicate experiments. N.D, not determined.

CONCLUSIONS

In conclusion, we have described a series of VP-16
analogues where the sugar moiety was strategically
replaced by chemically diverse substituents. Our data
demonstrates that structural reprogramming of the scaf-
fold of VP-16 enables the fine-tuning of TOP2 isoform-
specific targeting in K662 and Nalm-6 human leukemia
cells, thereby providing proof-of-principle for the devel-
opment of isoform-specific TOP2 drugs derived from VP-
16. For instance, we have found that positively charged
substrates such as 6 and 7 showed a propensity to
affect cell viability in a manner that was reliant on TOP2B
to a greater extent than VP-16, thus enabling the study
of TOP2B-mediated genomic processes. Additional
structural investigations are certainly required to interro-
gate the very nature of chemical interactions involved
between small molecules and TOP2 isoforms with atom-
ic resolution.’ Since the introduction of a triazole ring
was not found to be detrimental to the activity of the
most potent derivatives, a future aim is to employ unbi-
ased methodologies such as in situ click chemistry and
dynamic combinatorial processes to select suitable
fragments catalyzed by a specific TOP2 isoform and
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identify small molecules with enhanced potency and
selectivity."”

EXPERIMENTAL SECTION

Chemistry

Podophyllotoxin (1) was purchased from Santa Cruz
Biotechnology and used without further purifications. 4f-
azido-4-deoxy-4’-demethylepipodophyllotoxin  (2) and
4B-azido-4-deoxyepipodophyllotoxin  (3) were synthe-
tised as previously described.'® NMR spectroscopy was
performed on Bruker 600 MHz, 500 MHz and 300 MHz
apparatus. High-resolution mass spectrometry analysis
(HRMS) was performed on a Waters LCT Premier XE,
under electron spray ionization (ESI). For final com-
pounds the purity was determined by HPLC (Waters,
Alliance 2695, PDA 996 and MS detector) to be >95%.

Synthesis of 4B-(prop-2-ynyloxy)-4’-demethyl-
epipodophyllotoxin (4). Podophyllotoxin (1, 0.47 g,
1.13 mmol, 1 equiv) was dissolved in dry DCM (11 ml).
Sodium iodide (0.51 g, 3.40 mmol, 3 equiv) was added
and the resulting suspension was stirred at RT for 5 min.
Methanesulfonic acid (220 ul, 3.40 mmol, 3 equiv) was
added dropwise at 0°C and the mixture was then
warmed to rt and stirred overnight. The solvent was
removed under vacuum and the crude product was
resuspended in dry THF (10 ml). BaCO; (223 mg, 1.13
mmol, 1 equiv) and propargyl alcohol (10 ml, 173 mmoal,
153 equiv) were added and the mixture was additionally
stirred for 3 h at rt. The reaction was quenched with a
10% Na,S,05 aqueous solution and diluted with H,O.
The product was extracted with ethyl acetate and the
collected organic phases were dried over MgSO,. The
crude product was purified by flash chromatography
(DCM: ethyl acetate = 8:2). Compound 4 was obtained
as a white solid (245 mg, 0.56 mmol, 49%). '"H NMR
(5600 MHz, CDCl;) 6 6.94 (1H, s), 6.56 (1H, s), 6.26 (2H,
s), 6.00 (1H, s), 5.96 (1H, s), 5.40 (1H, s), 4.79 (1H, d, J
= 2.0 Hz), 4.60 (1H, d, J = 4.5 Hz), 4.39-4.31 (2H, m),
4.27 (2H, s), 3.76 (6H, s), 3.37 (1H, dd, J = 4.5, 14.0
Hz), 2.93-2.87 (1H, m), 2.57 (1H, s). ®*C NMR (125 MHz,
CDCly) & 174.9, 148.5, 146.8, 146.4, 134.0, 132.9,
130.8, 128.3, 111.0, 109.5, 107.9, 101.5, 79.5, 75.6,
71.9, 67.4, 56.4, 56.3, 43.8, 41.0, 37.9. HRMS (ESI) m/z
calcd for CyyH,305 [M+H]*: 439.1387, found: 439.1377.

Synthesis of 4p-(prop-2-ynyloxy) epipodo-
phyllotoxin (5). Podophyllotoxin (1, 0.46 g, 1.11
mmol, 1 equiv) was dissolved in dry acetonitrile (11 ml).
Sodium iodide (333 mg, 2.22 mmol, 2 equiv) was added
and the resulting suspension was stirred at RT for 5 min.
Methanesulfonic acid (144 ml, 2.22 mmol, 2 equiv) was
added dropwise at 0°C and the mixture was then
warmed to rt and stirred for 15 min. The solvent was
removed under vacuum and the crude product was
resuspended in dry THF (10 ml). BaCO4 (219 mg, 1.11
mmol, 1 equiv) and propargyl alcohol (10 ml, 173 mmoal,
156 equiv) were added and the mixture was additionally
stirred for 30 min at rt. The reaction was quenched with
a 10% Na,S,05 agueous solution and diluted with H,O.

The product was extracted with ethyl acetate and the
collected organic phases were dried over MgSO,. The
crude product was purified by flash chromatography
(DCM: ethyl acetate = 9:1). Compound 5 was obtained
as a white solid (309 mg, 0.68 mmol, 62%). '"H NMR
(5600 MHz, CDCl;) d 6.94 (1H, s), 6.56 (1H, s), 6.25 (2H,
s), 6.00 (1H, d, J = 1.0 Hz), 5.97 (1H, d, J = 1.0 Hz),
4.79 (1H, d, J = 3.0 Hz), 4.61 (1H, d, J = 5.0 Hz), 4.40-
4.33 (2H, m), 4.27 (2H, d, J = 2.5 Hz), 3.80 (38H, s), 3.74
(6H, s), 3.38 (1H, dd, J = 5.0, 13.5 Hz), 2.95-2.88 (1H,
m), 2.56 (1H, t, J = 2.5 Hz). ®C NMR (125 MHz, CDCI) &
174.8, 152.6, 148.6, 146.9, 137.3, 135.4, 132.8, 128.3,
111.0, 109.6, 108.3, 101.5, 79.5, 75.6, 71.9, 67.5, 60.8,
56.32, 56.29, 44.0, 41.0, 38.0. HRMS (ESI) m/z calcd for
CosHos0g [M+H]™: 453.1544, found: 453.1588.

General procedure for the synthesis of type 1
compounds. 4p-azido-4-deoxy-4’-demethylepipodo-
phyllotoxin (2) or 4p-azido-4-deoxyepipodophyllotoxin (3)
(1 equiv) was suspended in a water: t-butanol mixture
(1:1) and degassed for 5 min with argon. The appropriate
alkyne (10 equiv) was added followed, in order, by sodi-
um ascorbate and CuS0O,*5H,0.The mixture was stirred
at 50°C till completion. The final suspension was diluted
with H,O and extracted with ethyl acetate. The collected
organic phases were dried over MgSO, and the solvent
was removed under reduced pressure. The mixture was
purified by flash chromatography or by HPLC.

4B-(4-N,N-dimethylaminomethyl-1,2,3-
triazolyl)-4’-demethylepipodophyllotoxin hydro-
chloride (6). Yield: 5 mg, 0.009 mmol, 38%. White
solid. "H NMR (500 MHz, CD,0D, 283 K) § 8.01 (1H, s),
6.73 (1H, s), 6.68 (1H, s), 6.38 (2H, s), 6.34 (1H, br s),
6.00 (1H, s), 5.97 (1H, s), 4.79 (1H, br s), 4.43 (3H, br s),
3.75 (6H, s), 3.37 (2H, br s), 3.22-3.21 (1H, m), 2.91 (6H,
s). ®C NMR (125 MHz, CD,0D, 283 K) § 175.9, 150.7,
149.3, 148.7, 138.2, 136.0, 135.3, 131.2, 128.6, 126.7,
111.4,109.8, 109.2, 103.4, 69.0, 60.2, 56.7, 52.5, 44.8,
43.2, 42.6, 38.5. HRMS (ESI) m/z calcd for CygHogN,O5
[M+H]*: 509.2031, found: 509.2008.

General procedure for the synthesis of type 2
compounds. 4-(prop-2-ynyloxy)-4’-demethylepipodo-
phyllotoxin (4) or 4p-(prop-2-ynyloxy) epipodophyllotoxin
(5) (1 equiv) was suspended in a water: t-butanol mixture
(1:1) and degassed for 5 min with argon. The appropriate
azide (10 equiv) was added followed, in order, by sodium
ascorbate and CuSQO,*5H,0. The mixture was stirred at
rt or 50°C till completion. The final suspension was dilut-
ed with H,O and extracted with ethyl acetate. The col-
lected organic phases were dried over MgSO, and the
solvent was removed under reduced pressure. The mix-
ture was purified by flash chromatography or by HPLC.
4B-(1-N,N-dimethylaminopropyl-4-methyl-

1,2,3-triazolyl)-4’-demethylepipodophyllotoxin

hydroformate (7). Yield: 5.5 mg, 0.009 mmol, 26%.
White solid. "H NMR (500 MHz, CD;0D, 283 K) § 8.46
(1H, s), 8.06 (1H, s), 6.93 (1H, s), 6.53 (1H, s), 6.27 (2H,
s), 5.98 (1H, s), 5.97 (1H, s), 4.82-4.73 (8H, m), 4.58
(1H, d, J = 5.0 Hz), 4.54-4.52 (2H, m), 4.40-4.37 (1H,
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m), 4.33-4.29 (1H, m), 3.70 (BH, s), 3.40 (1H, dd, J =
5.0, 14.0 Hz), 3.08-3.04 (2H, m), 3.01-2.94 (1H, m), 2.80
(BH, s), 2.32 (2H, br s). ®C NMR (125 MHz, CD;0D, 283
K) 8 177.5, 169.4, 149.8, 148.5, 148.1, 146.3, 135.6,
134.2, 132.0, 130.7, 125.4, 111.5, 110.8, 109.1, 102.9,
75.2, 69.2, 63.8, 56.6, 56.2, 48.3, 44.9, 43.7, 42.4,
39.7, 26.7. HRMS (ESI) m/z calcd for CygHssN,Og
[M+H]*: 567.2449, found: 567.2457.
4B-(1-(4-hydroxyphenyl)-4-methyl-1,2,3-
triazolyl)-4’-demethylepipodophyllotoxin (8).
Yield: 8.7 mg, 0.015 mmol, 45%. Grey solid. H NMR
(600 MHz, (CD4),S0O, 313 K) 8 8.68 (1H, s), 8.21 (1H, br
s), 7.66 (2H, d, J = 9.0 Hz), 7.06 (1H, s), 6.94 (2H, d, J =
9.0 Hz), 6.53 (1H, s), 6.19 (2H, s), 6.03 (1H, s), 6.00 (1H,
s), 4.83-4.75 (3H, m), 4.51 (1H, d, J = 5.0 Hz), 4.39-4.37
(1H, m), 4.24-4.21 (1H, m), 3.62 (6H, s), 3.26 (1H, br s),
2.92-2.87 (1H, m). ®C NMR (150 MHz, (CD,),SO, 313 K)
86 174.4, 157.7, 1475, 147.1, 146.0, 144.8, 134.7,
132.4, 130.2, 129.5, 128.7, 122.1, 121.8, 115.9, 109.9,
109.6, 108.4, 101.2, 72.9, 67.3, 62.7, 56.0, 42.8, 40.4,
37.7. HRMS (ESI) m/z calcd for CgH,gN3;Og [M+H]™:
574.1820, found: 574.1838.
4B-(1-carbomethoxypentyl-4-methyl-1,2,3-
triazolyl)-4’-demethylepipodophyllotoxin (9).
Yield: 12.9 mg, 0.021 mmol, 62%. White solid. "H NMR
(600 MHz, CDCl,, 283 K) 8 7.55 (1H, s), 6.71 (1H, ),
6.53 (1H, s), 6.24 (2H, s), 5.98 (1H, s), 5.95 (1H, s), 5.43
(1H, s), 4.76 (BH, br s), 4.60 (1H, d, J = 5.5 Hz), 4.42-
4.35 (2H, m), 4.32-4.26 (2H, m), 3.76 (6H, s), 3.66 (3H,
s), 3.37 (1H, dd, J = 5.5, 14.0 Hz), 2.92-2.86 (1H, m),
2.32 (2H, t, J = 7.5 Hz), 1.98-1.92 (2H, m), 1.71-1.65
(2H, m), 1.38-1.35 (2H, m). '*C NMR (125 MHz, CDClj,
283 K) & 175.1, 173.8, 148.4, 146.7, 146.2, 144.7,
133.7, 132.5, 130.7, 128.9, 122.6, 110.7, 109.5, 107.5,
101.4, 73.4, 67.4, 63.0, 56.3, 51.6, 50.2, 43.7, 41.1,
38.0, 33.6, 30.0, 25.9, 24.1. HRMS (ESI) m/z calcd for
Cs1H36N5z010 [M+H]*: 610.2395, found: 610.2356.

4B-(1-(4-carboxybenzyl)-4-methyl-1,2,3-

triazolyl) epipodophyllotoxin (10). Yield: 11.6 mg,
0.018 mmol, 83%. White solid. '"H NMR (500 MHz,
CDCl;, 283 K) 8 8.10 (2H, d, J = 6.0 Hz), 7.52 (1H, ),
7.36 (2H, d, J = 6.0 Hz), 6.69 (1H, s), 6.51 (1H, s), 6.21
(2H, s), 5.98 (1H, s), 5.94 (1H, s), 5.68-5.58 (2H, m),
4.76-4.75 (3H, m), 4.58 (1H, d, J = 5.0 Hz), 4.33-4.25
(2H, m), 3.78 (3H, s), 3.71 (6H, s), 3.36 (1H, dd, J = 5.0,
14.0 Hz), 2.92-2.86 (1H, m). ®C NMR (125 MHz, CDCl,,
283 K) & 175.0, 170.2, 152.4, 148.4, 146.8, 145.5,
139.9, 136.8, 135.2, 132.4, 131.0, 129.9, 128.7, 127.9,
122.8, 110.7, 109.5, 107.8, 101.5, 73.7, 67.4, 63.0,
60.7, 56.1, 53.8, 43.8, 41.0, 38.0. HRMS (ESI) m/z calcd
for Cs3H3oN5;040 [M+H]*: 630.2082, found: 630.2097.
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Supporting information, including detailed synthetic proce-
dures, compound characterization and bioassays, is availa-
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