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A novel series of combretastatin A-4 heterocyclic analogues was prepared by replacement of the B ring
with indole, benzofurane or benzothiophene, attached at the C2 position. These compounds were evalu-
ated for their abilities to inhibit tubulin assembly: derivative cis 3b, having a benzothiophene, showed an
activity similar to those of colchicine or deoxypodophyllotoxine. The antiproliferative and antimitotic
properties of cis 3b against keratinocyte cancer cell lines were also evaluated and the intracellular orga-
nization of microtubules in the cells after treatment with both stereoisomers of 3b was also determined,
using confocal microscopy.

© 2012 Elsevier Ltd. All rights reserved.

Amongst all the chemotherapeutic classes that are used to cure
cancer, microtubule-binding agents (MBAs) became over the last
decades an important tool and an alternative to DNA-damaging
drugs.!

Microtubules, which are cylindrical polymeric structures, are
essential to maintain the cell shape and play a crucial role during
the cell cycle. They are composed of a- and B-tubulin heterodimers
and the inhibition of their dynamic assembly/disassembly into the
mitotic spindle leads to apoptotic cell death.?

Many academic and industrial research groups have focused
their efforts on the development of anti-cancer drugs based on this
strategy, thus leading to numerous MBAs. Natural products were
frequently the source of different series, such as combretastatin
A-4 (CA-4, Fig. 1), which was isolated from the bark of the South
African willow tree Combretum caffrum by Pettit et al.>*

This stilbenoid derivative was proved to bind to the colchicine
site of tubulin® and, regarding to very promising antimitotic activ-
ities and its very simple structure, there was an ever-growing
interest for the design of CA-4 analogues. Another reason lies in
the vascular targeting and disrupting properties of water-soluble
CA-4 derived compounds, which would present advantage of
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targeting neo-vascularized tumors.® Using this strategy, several
derivatives such as CA-4P” (fosbretabulin, Fig. 1) and AVE80628
(ombrabulin, Fig. 1) undergo clinical trials.

For these reasons, a large number of CA-4 analogues have been
synthesized and evaluated for their tubulin-binding abilities,®
therefore acting as mitotic spindle poisons and, sometimes, as vas-
cular targeting and disrupting agents (VTA and VDA).!°

The structure-activity relationships (SAR) have demonstrated
that the cis configuration of the double bond and the presence of
a trimethoxy aryl unit were essential for the activity.® In parallel,
many studies aimed to appreciate the effect of the replacement
of the cis double bond by various heterocycles (1, Fig. 1) such as
furan/thiophene,'! dioxolane,'? thiazole,'? isoxazole,'* imidazole,'®
triazole'® or tetrazole.!” This approach represents a way to block a
putative in vivo isomerization of the double bond to the less active
trans alkene,'®1°

In continuation with investigations performed by Simoni et al
on heterocyclic derivatives 2 (Fig. 1)>° we have chosen while
designing our new anti-cancer drugs to keep the cis configuration
of the double bond of the trimethoxystyrene unit and to make a
variation on the nature of the substitution of the alkene. The
replacement of the B ring by various heterocycles attached on their
2-position (3, Fig. 1), could allow to evaluate the influence of this
modulation (i.e., attachment on a different position of the hetero-
cycle) on the biological activity.
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Figure 1. Representative synthetic combretastatins and CA-4 analogues synthe-
sized in this study.

Our preliminary approach to prepare the target compounds 3
was to use a Wittig reaction between commercially available ben-
zofuran or benzothiophene 2-carboxaldehydes and the phosponi-
um salt 42! derived from 3,4,5-trimethoxy benzaldehyde
(Scheme 1). Unfortunately, our conditions led to a mixture of cis
and trans isomers that were difficult to separate, yielding after a
flash chromatography the desired stereoisomers cis-3a,b in moder-
ate to low isolated amounts.??

To improve the poor selectivity of the reaction, another strategy
was tried: the reduction of an acetylenic derivative (Scheme 2).
After deprotonation of the benzofurane, thanks to the zincate re-
agent TMPLi/ZnCl, developed by Mongin’s group,?* followed by
iodination, 2-iodo benzofurane 5 was obtained in a quantitative
yield. A Sonogashira coupling reaction®* of this substrate with
3,4,5-trimethoxy ethynylbenzene®” afforded compound 6a in an
excellent 94% yield (Scheme 2).

We first envisaged reducing 6a by known procedures such as
hydrogenation in the presence of Lindlar’s catalyst?® or by acidic
hydrolysis of a pre-formed vinylborane derivative’ but these
attempts led to unsatisfactory results.

We then decided to use an hydrosilylation/desilylation se-
quence®® on 6a to prepare the cis double bond of the target com-
pound but, after the fluoride mediated vinylsilyl group
deprotection of 7a, a Z/E mixture was obtained.?®

O
Br “pph,

CHO OMe
B - 0
+ E—
X X N\

OMe

oM
el
4

MeO OMe

X=0orS

3 (2)-isomer
+ (E)-isomer

Scheme 1. Reagents and conditions: (a) n-BuLi, THF, —78 °C, 1 h then rt, 18 h;
global yields 65% for 3a (X=0) and 77% for 3b (X=S).

Scheme 2. Reagents and conditions: (b) (1) 2,2,6,6'-tetramethylpiperidine/BuLi/
ZnCl, TMEDA 1.5/1.5/0.5 equiv, THF, 0 °C then rt, 2 h. (2) I 1.5 equiv, 16 h, 99%. (c)
3,4,5-trimethoxy ethynylbenzene 1.14 equiv, PdCly(PPhs), 2 mol%, Cul 4 mol %,
EtsN 1.3 equiv, THF, rt, 5 h, 94%. (d) Et5SiH 3 equiv, PtO, 5 mol %, 60 °C, 4 h, 95%. (e)
TBAF 1 M solution in THF 1.1 equiv, 60 °C, 2.5 h, 84%, 62/38 ZJE ratio. (f) Pd(OAc),
2 mol %, KOH 1.5 equiv, DMF, 145 °C, 6 h, 94%, 93/7 Z|E ratio.

The solution was finally brought by a more recent reduction
method: the use of potassium hydroxide and dimethylformamide,
in the presence of a catalytic amount of palladium acetate.® In-
deed, these conditions provided the desired Z isomer of 3a as the
major product, isolated with a 54% overall yield®! (Scheme 2).

According to the same synthetic route, compound Z-3b was pre-
pared from benzothiophene with a better 58% overall yield.

In order to compare oxygen and sulfur heteroatoms with the
isosteric NH group on the bioactivity, the preparation of the indole
derivative 3¢ was then envisaged.

Boc H
; MeO

Scheme 3. Reagents and conditions: (g) EtsSiH 3 equiv, PtO, 5 mol %, 60 °C, 4 h,
78%. (h) TBAF 1 M solution in THF 1.1 equiv, 60 °C, 2.5 h, 80%, Z isomer only. (i)
Pd(PPhs), 5 mol %, Na,COs3, DME/water 2/1, 90 °C, 18 h, 47%. (j) K,CO5 3 equiv,
MeOH/water, rt (22 h) then 60 °C (24 h), 14%.

Table 1

Inhibition of tubulin assembly by cis- and trans-3
Entry Compound Inhibition?
1 Colchicine IC50=1.7 pM
2 Deoxypodophyllotoxine IC50=1.7 pM
3 trans 3a 23% at 32 pM
4 cis 3a IC50=9.6 pM
5 trans 3b IC50=8.4 uM
6 cis 3b IC50=2.6 uM
7 cis 3¢ IC50=21uM

2 1Cso: Compound concentration required to decrease the rate of microtubule
assembly by 50%.
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The synthesis of 2-iodoindole was first carried out from indole,
using literature protocols: protection of the NH group as a phenyl-
sulfonamide,? LDA-mediated iodination®? at position 2 (thanks to
the ortho-directing properties of SO,Ph) and removal of the pro-
tecting group using a fluoride source.3* This iodo derivative was
then engaged in a Sonogashira coupling reaction with 3,4,5-
trimethoxy ethynylbenzene to get alkyne 6c in a moderate 39%
yield.

After addition of trimethylsilyl hydride under the previously de-
scribed conditions, the protodesilylation surprisingly afforded the
pure Z-isomer in an 80% yield. The Z configuration of compound
3c was confirmed after 'H NMR spectra comparison with a com-
pound obtained after Suzuki coupling®>® of Z-monobromotri-
methoxystyrene®” with N-Boc protected indole 2-potassium
trifluoroborate® followed by tert-butyl carbamate basic deprotec-
tion®® of 8 (Scheme 3).

With these E and Z compounds 3 in hand, we then carried out
the evaluation of biological properties of these new heterocyclic
derivatives of CA-4.

The heteroaromatic derivatives 3 prepared above were first
evaluated for their ability to inhibit tubulin assembly (Table 1).
The tubulin assembly assay was realized according to a previously
described protocol, using colchicine and deoxypodophyllotoxine as
reference compounds, evaluated the same day under the same
conditions.*°

Firstly, it is to note that the best activity was once more ob-
served for cis derivatives as described in previous literature stud-
ies. The benzothiophene analogues 3b are much more active than
the benzofurane 3a. This first indication shows that the more volu-
minous sulfur heteroatom in 3b may bring a beneficial effect, com-
pared to the oxygen in 3a (Table 1, entries 4 and 6). On the
contrary, the introduction of a nitrogen atom seems detrimental
to the activity as shown by the weaker inhibition of compound
3c on tubulin polymerization (Table 1, entry 7). Finally, the most
active compound is cis derivative 3b (3 times more active than
its trans stereoisomer),*! which tubulin binding properties are sim-
ilar to the reference compounds colchicine and deoxypodophyllo-
toxine (Table 1, entry 6).

We have then decided to further investigate the biological ef-
fects of the most promising 3b compounds on two different epithe-
lial cell lines.

Indeed, epidermal cancers are most common in Man due to the
mutagenic action of long-term exposure to solar radiation and the
large surface of exposed skin. Most of the skin cancers are treated
with surgery. However, multiple lesions, especially when situated
at locations rendering surgery difficult because of the functionality
or esthetics issues, may require efficient local treatments sparing
the surrounding healthy tissue. Also, the related pre-cancerous le-
sions, for example, actinic keratosis, are a good indication for top-
ical therapies.

Two human keratinocyte lines were selected for this study: a
spontaneously immortalized HaCaT line,*? showing no tumoro-
geneicity in animal models, and SKv-a line derived from a human
papillomavirus (HPV-16)-induced intraepithelial neoplasia.*> The
latter line was selected for its capacity of forming tumors after

Table 2
Anti-proliferative activities of cis CA-4, colchicine and cis 3b as measured with MTT
test in HaCaT keratinocyte cell line

Entry Compound ICs50? (NM)
1 cis CA-4 1

2 Colchicine 12

3 cis 3b 16

2 A sample’s concentration which produces a 50% reduction in cell activity. For
details, see Supplementary data.

SKv-a

HaCaT

Figure 2. Effect of compounds cis and trans 3b and colchicine (a positive control) on
the intracellular organization of microtubules in SKv-a cells (left) and HaCaT cells
(right). (a,e) vehicle-treated controls; (b,f) colchicine; (c,g) cis 3b, (d,d’,h) trans 3b.
Beta-tubulin was labelled with a specific monoclonal antibody (Amersham Life
Sciences; CA, USA) revealed with a goat anti-mouse FITC probe (Caltech; Carlsbad,
CA, USA). Confocal optical sections were recorded at the objective magnification of
x63. Scale bar corresponds to 10 pm.

experimental subcutaneous injection in immunocompromised
mice.

MTT test evaluating metabolic activity of cells, directly related
to the number of viable cells remaining after 72 h exposure,
showed that the cis isomer of 3b derivative displayed an anti-
proliferative activity on the cultured cells comparable to that of
colchicine (Table 2, entries 2 and 3). Nevertheless, compound cis
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3b was much less active than cis CA-4 itself (Table 2, entries 1 and
3).

We then decided to use a 10~® M drug concentration for the cell
microtubule organization studies.

Compounds cis 3b and, to a much lesser degree, trans 3b had a
major impact on the microtubule network in SKv-a and HaCaT
cells, as visualized in Figure 2.

Indeed, pictures in Figure 2 show representative changes in-
duced by the drugs applied at 10~® M. Colchicine and cis 3b treat-
ment resulted in radical changes in cell morphology including cell
rounding, detachment, and loss of the radial distribution of struc-
tured microtubules (c-f). Trans 3b isomer was less active, leaving
several keratinocytes virtually intact (d) whereas the remaining
cells presented characteristic microtubule depolymerisation (d’).

These results indicate that the benzothiophene analogue of CA-
4 cis 3b shows anti-microtubule activity similar to that of
colchicine.

As cell cycle control is the major regulatory mechanism of cell
growth, we analyzed the influence of the 3b compounds on the cell
lines by flow cytometry. Cells at the exponential phase of growth
were treated with 5 x 107 M compounds for 24 h. Then, they
were detached from the plates with gentle Accutase treatment
(PAA, France) and exposed in suspension to propidium iodide at
0.05 mg/mL in a citrate buffer containing Nonidet P40 for 1h at
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Figure 3. Induction of G2/M phase arrest and polyploid cells in HaCaT cell line
treated with compound cis 3b. Human Kkeratinocyte line was treated with the
vehicle solvent (0.5% DMSO) (a) or with cis 3b (5 x 10~¢ M) (b) for 24 h. Cells were
harvested, stained with propidium iodide and 20,000 stained cells were subjected
to FACS analysis to determine the distribution of cells throughout the G1, S, and G2/
M phases. Experiments were performed in triplicate and yield repeatable results.

4 °C. FACS analysis was performed on 20,000 cells using human
keratinocyte cell lines HaCaT and SKv-a and showed cell cycle
arrest in mitosis. This effect was most pronounced in HaCaT cells
after 24 h treatment with compound cis 3b (Fig. 3).

To conclude with these preliminary results, we have described
herein new CA-4 derivatives, designed after replacement of the B
ring with various heterocycles attached to the vicinal heteroatom
position. Stereoisomers of these compounds 3a-c were evaluated
for their ability to inhibit tubulin and the benzothiophene series
proved to be the most active.

Evaluations of the anti-proliferative and anti-mitotic properties
on cutaneous cancer cells and of the effect on the cytoskeleton
indicate that compound cis 3b seems to be a good candidate for
further developments and structural modifications. Several ana-
logues are currently being synthesized and assessed for their bio-
logical properties: these studies will be reported in due course.
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