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A series of polyalkoxy substituted 7-hydroxy- and 7-methoxy-4-aryl-4H-chromenes were evaluated
using the sea urchin embryo model to yield several compounds exhibiting potent antimitotic microtu-
bule destabilizing activity. Data obtained by the assay were further confirmed in the NCI60 human cancer
cell screen. The replacement of methylenedioxy ring A and lactone ring D in podophyllotoxin analogues
by 7-methoxy, 2-NH,, and 3-CN groups in 4-aryl-4H-chromenes resulted in potent antimitotic microtu-
bule destabilizing agents. Feasible synthesis and high yields render 7-methoxy-4H-chromenes to be a
promising series for further anticancer drug development.

© 2014 Elsevier Ltd. All rights reserved.

There are multiple classes of antitumor agents that target tubu-
lin/microtubules.'> However, numerous current cytotoxic drugs
have been described to show clinical limitations including sys-
temic toxicity and multidrug resistance of cancer cells. Many of
these agents also exhibit suboptimal bioavailability and pharmaco-
kinetics. Structure-activity relationship (SAR) studies and synthe-
ses of taxane, vinca alkaloid, and podophyllotoxin (PT)
derivatives pose significant challenges due to their structural com-
plexity. Considering the above, there is still the need for safer and
more efficacious therapies to treat cancer.

In an attempt to streamline screening for novel anti-tubulin
agents, we have developed a robust, reproducible, and quantifiable
phenotypic assay based on the sea urchin embryo.° It should be
pointed out that this in vivo model has several advantages over
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the existing ‘canonical’ multi-step protocol. In addition to yielding
information on antiproliferative and microtubule destabilizing
activity, this ‘one-pot’ assay also suggests general cytotoxicity
and cell permeability potential for a molecule. Specific measure-
ments include: (i) the antimitotic activity of an agent as displayed
by cleavage alteration/arrest of the fertilized egg, and (ii) the effect
of a molecule on a free-swimming blastulae when treated immedi-
ately after hatching (~9 h after fertilization). It was concluded that
there are very specific changes in embryo swimming pattern that
unequivocally point to a microtubule destabilizing activity of a
compound. Several specific examples include lack of forward
movement and rapid spinning around the animal-vegetal axis.’
In our search for novel antimitotic agents, we turned our atten-
tion to the natural lignan PT and its synthetic analogues. The parent
molecule is a well-characterized potent antimitotic microtubule
destabilizing agent interacting with the colchicine site of tubu-
1in.8~'! However, therapeutic application of PT as tumor suppressor
is limited due to its significant side effects in the human trials. On
the contrary, semisynthetic PT analogues etoposide, teniposide,
and etopophos are widely used as clinical drugs targeting DNA topo-
isomerase 11.”'2 Four contiguous chiral centers play the central role
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Figure 1. Structure of podophyllotoxin and its heterocyclic analogues.

in anticancer activity of PT (Fig. 1).® The complex stereochemistry of
PT renders SAR studies of its derivatives to be challenging. Introduc-
tion of a heteroatom in ring C allowed several research groups to
address both epimerization and SAR issues associated with this
compound class. For instance, the ‘simplified’ aza- and oxa-PT ana-
logues (Fig. 1) are potent microtubule destabilizing agents exhibit-
ing significant cytotoxicity.'>'* It was shown that methylenedioxy
ring A could be successfully replaced by a 7-methoxy moiety. Such
modification together with the derivatization of the ring E with 3,5-
dimethoxy and 3,4,5-trialkoxy groups proved to be advantageous
for compound activity.'*>'* Notably, oxa-PTs were reported to be
more stable towards oxidation as compared to the respective aza-
derivatives.'* However, the synthetic approach to 7-methoxy-oxa-
PTs (Fig. 1) resulted in low overall yields of the targeted molecules
(3-6%), presumably due to the ambiguous reactivity of tetronic acid
with 3-methoxyphenol.'*!”

4-Aryl-4H-chromenes (Fig. 1) could be regarded as structural
analogues of oxa-PTs where the lactone ring D is replaced with
CN and NH,-groups (Fig 1). These compounds were reported to
be microtubule destabilizing agents interacting with or adjacent
to the colchicine binding site, and cytotoxic against a panel of
human cancer cells.'® Their effects on cancer cells, including mito-
tic arrest, caspase-dependent apoptotic cell death, and tumor vas-
culature disruption were described in detail.'®~?* 4-Aryl-chromene
EPC2407 (Fig. 1) is currently in the phase I/II clinical trials as a
vasculature targeting anticancer agent and apoptosis inducer for
the treatment of patients with advanced solid tumors.?*~2°

4-Aryl-4H-chromenes are easily accessed via the three-
component reaction of aldehydes, malononitrile, and phenols
(Scheme 1).2°7%° Interestingly, this procedure involving 3-
methoxyphenol affords low yields of the targeted chromenes 2
(7-24%),2° whereas application of resorcinol followed by methyla-
tion of the 7-hydroxy group in 1 furnishes 2 in 70-90% yields.?®~%°

Diversity of starting materials, synthetic feasibility of the con-
densation protocol, and potential for antimitotic properties turned
our attention to 7-methoxy-4-aryl-4H-chromenes 2 as analogues
of highly active 7-methoxy-PT derivatives.'* It was speculated that
the optimized substitution pattern for ring E may further improve
antiproliferative activity of the targeted compounds.®>'>? In addi-
tion, small hydrophobic moieties at C7 in ring B (methoxy, amino,
dimethylamino, and ethylamino groups) were found to be benefi-
cial for inhibition of cancer cell growth and caspase-dependent

5 R HO
+ CHy(CN), +
R* R?

apoptosis.'®>° Considering the above, our initial aim was the bio-
logical evaluation of 4-aryl-4H-chromenes 1 and 2 with different
alkoxy substituents in ring E** as antimitotic microtubule destabi-
lizing agents in the phenotypic sea urchin embryo assay.® The
results are presented in Table 1. Typical effects of 7-methoxy-4-
aryl-4H-chromenes on the sea urchin embryos, as exemplified by
compound 2a, are demonstrated in Figure 2.

It was found that 7-hydroxy-4H-chromenes (1a-t) displayed
weak to no activity. Only chromene 1g with a 3-methoxy-4,5-
methylenedioxy ring E caused embryo spinning, indicating antimi-
totic microtubule destabilizing activity. A similar compound with
an ethylenedioxy group in ring E (1h) as well as molecules contain-
ing an unsubstituted (1t) or a 3-methoxyphenyl ring E (10) were
identified as weak antitubulin agents, as suggested by the forma-
tion of tuberculate eggs. In contrast, 7-methoxy-4H-chromenes
(2) markedly influenced sea urchin embryo development, produc-
ing cleavage alteration/arrest and embryo spinning. They exhibited
significant antimitotic microtubule destabilizing activity in the low
nanomolar concentration range, and were 100-fold or more potent
than the corresponding 7-hydroxychromenes (1). Methylenedioxy
ring A in 4H-chromenes, as well as in aza-PTs,'> was not essential
and could be substituted by a 7-methoxy group yielding active
molecules (compare I and 2g, II and 20). Our tests further demon-
strated that the 3-methoxy substituent in ring E was critical to the
antitubulin effect of 7-methoxy-4H-chromenes. The replacement
of the 3-methoxy moiety with an -NO, or especially an —-NH,
group (2h vs 2i and 2ii) markedly reduced the activity. Compounds
2m and 2n featuring a 2-methoxyphenyl ring E showed moderate
activity. The increase of the number of methoxy substituents from
three to four (2g and 2h vs 2a) was unfavourable. However, it was
impossible to establish precisely the relationship between the
number of methoxy groups in ring E and antimitotic potency, since
chromenes with one (20) or three (2g and 2h) substituents exhib-
ited similar effects. Instead, the position of the methoxy groups in
the ring E apparently played the more important role (compare 2j
and 2n, 2k and 2m, 20 and 2p). Chromene 2j with a 3,5-dime-
thoxyphenyl ring E was identified as the most active antitubulin
agent in the sea urchin embryo assay.

The stereochemistry of microtubule destabilizing agents based
on the PT core was reported to significantly affect their antiprolif-
erative activity.®>>* For example, the R(—)-isomer of 4-aryl-4H-
chromene EPC2407 (Fig. 1) was shown to activate caspases, induce

Scheme 1. Synthesis of 7-substituted 4-aryl-4H-chromenes (1 and 2). Reagents and conditions: (a) MW, DBU (5 mol %), EtOH, 50 °C, 2-4 min; (b) CH3CN, CHsl, K,CO3, 20 °C,

48 h. (3): Respective 7-oxa-podophyllotoxins.



3916

Table 1
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Effects of 4-aryl-4H-chromenes on sea urchin embryos and human cancer cells with PT and oxaPTs I and II as reference compounds

O.2_NH,
c|
*

1: X=H 2: X=CHj,

Compd R! R? R3 R* R® Sea urchin embryo effects, EC (uM)* NCI60 screen
Cleavage Cleavage Embryo Mean Glsg, pM” Mean cell
alteration arrest spinning growth, %°

PT 0.02 0.05 0.5 0.0219

I 0.005 0.05 0.2 0.389

1 0.005 0.05 0.2 0.065

1a OCH3 -OCH,0- OCH3 H ND'

1b OCH3 OCH3 —-OCH,0- H 4 >4 >4 NDf

1c OCH3 OCHj3 OCHj5 OCHj3 H >4 >4 >4 ND'

1d H OCH3 OCH3 OCH3 H 4 >4 >4 0.692

1e OCH3; H OCH3 H OCH3; 2 >4 >4 NDf

1f OCH3 OCHj3 OCHj5 H H >4 >4 >4 ND'

1g H OCH3 -OCH,0- H 0.5 4 10 NDf

1h H OCH3 —~OCH,CH,0- H 1 4 (TE)® >5 NDf

1i H NO, —~OCH,CH,0- H 4 >4 >4 99.3

1j H OCH3 H OCH3 H ND'

1k H OCH3 OCH3 H H >4 >4 >4 99.4

11 OCH3 H H OCH3 H 1 >4 >4 94,5

1m OCH3 OCHj3 H H H >4 >4 >4 ND'

1n OCH3 H OCH3 H H >4 >4 >4 ND'

10 H OCHj3 H H H 0.1 2 (TE)® >5 ND'

1p H H OCHj3 H H >4 >4 >4 96.0

1q OCH3 H H H H 0.5 >4 >5 NDf

1r I H H H H 4 >4 >4 ND'

1s F H H H H 1 4 >5 NDf

1t H H H H H 0.5 2 (TE)® >5 ND'

2a H OCH3 ~OCH,0- OCH3 0.1 1 4 NDf

2d° H OCHj3 OCHj3 OCH3 H 0.01 0.05 0.5 0.045

2d-R H OCH3 OCHj3 OCH3 H 0.005 0.04 0.2 ND'

2d-S H OCH3 OCH3 OCH3 H 2 >4 >5 ND'

2g H OCH3 —-OCH,0- H 0.005 0.02 0.05 NDf

2h H OCHj3 —OCH,CH,0- H 0.005 0.02 0.1 NDf

2i H NO, —~OCH,CH,0- H 0.02 0.1 1 NDf

2ii H NH, —~OCH,CH,0- H 0.1 0.5 5 NDf

2j H OCHj3 H OCHj3 H 0.0005 0.005 0.02 0.014 (T-47D)"

0.009 (ZR-75-1)"
0.032 (H1299)'

2k H OCH3 OCH3 H H 0.05 0.2 1 ND'

2m OCH3 OCHj3 H H H 0.2 2 4 ND'

2n OCH3 H OCH3 H H 0.1 1 4 ND'

20 H OCH3 H H H 0.002 0.01 0.05 0.055

20-R H OCH3 H H H 0.001 0.01 0.05 ND'

20-S H OCHj3 H H H 0.05 0.5 4 ND'

2p H H OCH3 H H 0.1 1 (TE)® >5 ND'

2q OCH,CH3 H H H H 0.02 0.2 0.5 ND'

3 The sea urchin embryo assay was conducted as described previously.® Fertilized eggs and hatched blastulae were exposed to 2-fold decreasing concentrations of
compounds. Duplicate measurements showed no differences in effective threshold concentration (EC) values. Typical cleavage alteration and cleavage arrest phenotypes are

presented in Fig. 2.
b Glso: concentration required for 50% cell growth inhibition.
¢ Cell growth percent at 10 uM concentration.
4 NCI data for PT NSC 24818.
¢ Data from Ref. 34.
f ND: not determined.

& TE: arrested eggs obtained tuberculate shape typical for microtubule destabilizing agents.

" Data on two human breast cancer cell lines.*
! Data on human non-small cell lung cancer cell line.'®

apoptosis, inhibit growth of human cancer cells, and caused pro-
nounced tumor vascular disruption with potencies 50-100 higher
than the S(+)-isomer.>*>3> Similar results have been reported for
the antimitotic effect of enantiomers of 4-aryl-4H-chromene II
(structure presented in Table 1) using the sea urchin embryo
model.>* Therefore, in the next series of experiments we studied
the effect of stereochemistry on the antitubulin activity of com-

pounds 2d and 20 in the sea urchin embryo assay. A racemic mix-
ture was separated by chiral HPLC to yield pure enantiomers, as
reported previously.'>3* The isomer 2d-R exhibited a significant
antimitotic effect, inducing cleavage alteration and cleavage arrest
at concentration of 0.005 and 0.04 pM, respectively (Table 1). This
enantiomer was twice as potent as racemic 2d and ca. 400 times
more potent than the 2d-S isomer. There was a 10-fold difference
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Figure 2. Effect of 7-methoxy-4-aryl-4H-chromene (2a) on sea urchin embryo development. Time after fertilization (20 °C): 6 h. (A) Intact embryo at early blastula stage.
Fertilized eggs were exposed continuously to 2a at 0.2 pM (B) and 1 uM (C). Note abnormal embryo with different size and irregular position of cells (B). Arrested egg (C)
acquired tuberculate shape typical for microtubule destabilizing agents. The average embryo diameter is 115 p.

Table 2
Comparative effects of 7-methoxy-4-aryl-4H-chromenes 2 and respective 7-meth-
oxy-oxa-PTs 3 on sea urchin embryos?®

H,CO NH,

2 3
Compd Sea urchin embryo effects, EC (uM)®
Cleavage alteration Cleavage arrest Embryo spinning

2a 0.1 1 4
3a“ 0.1 0.5 4
24 0.01 0.05 0.5
3d° 0.005 0.05 0.2
2h 0.005 0.02 0.1
3h¢ 0.01 0.05 0.5
2g 0.005 0.02 0.05
3g° 0.002 0.01 0.1
2j 0.0005 0.005 0.02
3j° 0.001 0.005 0.05

2 Substitution patterns in the ring E are presented in Table 1.

b The sea urchin embryo assay was conducted as described previously.® Fertilized
eggs and hatched blastulae were exposed to 2-fold decreasing concentrations of
compounds. Duplicate measurements showed no differences in effective threshold
concentration (EC) values. Typical cleavage alteration and cleavage arrest pheno-
types are presented in Fig. 2.

¢ Data for 7-methoxy-oxa-PTs from Ref. 14.

4 Data from Ref. 34.

in the antimitotic potency between the enantiomers 20-R and 20-
S as well (EC of 0.001 and 0.01 uM, respectively). Notably, both
enantiomers caused embryo spinning, suggesting their microtu-
bule destabilizing properties. Determination of the absolute con-
figuration of these chiral isomers is in progress.

The next step of the present study was the comparative biolog-
ical evaluation of 7-methoxy-4H-chromenes (2) and 7-methoxy-
oxa-PTs (3) with matching alkoxy-substituents in the ring E
(Table 2). These series displayed similar antimitotic microtubule
destabilizing activity in the phenotypic sea urchin embryo assay.
It could be concluded that the lactone ring in the parent PT could
be replaced with 2-NH, and 3-CN groups without significantly
affecting antimitotic potency derived from the microtubule
destabilization.

Several 4-aryl-4H-chromenes were selected for evaluation in the
NCI60 anticancer drug screen (Table 1; Table S1, Supplementary
data). Similar to the other PT analogues, the effect of 4H-chromenes
on the sea urchin embryo correlated well with their growth
inhibitory activity against human tumor cell lines. Specifically,

compounds 1i, 1k, 11, and 1p were found to be inactive whereas
molecules 2d and 20 exhibited potent antiproliferative properties
in both assay systems. The molecule 1d substituted with a 3,4,5-tri-
methoxyphenyl group was more potent in the tumor cell assay as
compared to the sea urchin embryo assay, paralleling the aza-PT
series.'® Furthermore, 4H-chromenes 2d, 2j, and 20 showed cyto-
toxicity comparable to that of EPC2407 (ECso of 0.081 and
0.034 uM for H1299 human lung cancer cells and T-47D human
breast cancer cells, respectively) (Table 1).2> Notably, chromene
2d has been identified previously as a potent proapoptotic agent.'’
It exhibited markedly higher cytotoxicity against the panel of
human cancer cells than the respective 7-methoxy-oxa-PT (3d)
(Table S1, Supplementary data), suggesting the favorable substitu-
tion of the lactone ring D with -CN and —-NH, groups. As for sea
urchin embryos, in the cytotoxicity screen the replacement of the
methylenedioxy ring A by a 7-methoxy moiety yielded 4H-chro-
mene with similar cell growth inhibition potency (compare 20
and II, Table 1, Table S1, Supplementary data). Molecule 2j contain-
ing a 3,5-dimethoxyphenyl ring E exhibited the highest potency
both in the sea urchin embryo model and in the cellular assay. Com-
pound 2d was more active than 20 in the NCI panel (Glso of
0.045 uM and 0.055 pnM, respectively), as well as in T47D breast
cancer cells (Glsp of 0.026 uM and 0.052 uM, respectively) and
H1299 lung carcinoma cells (Glsp of 0.057 uM and 0.089 puM,
respectively).'® However, relative activities were reversed in the
sea urchin assay (Table 1), namely, 20 was more potent. One of
the conceivable reasons for this discrepancy could be the signifi-
cantly shorter mitotic cycle of sea urchin embryo blastomers (35-
45 min) than of cultured cells (20-24 h). As a consequence, the
main target of microtubule destabilizing agents could be the mito-
tic spindle in the sea urchin embryo, or presumably interphase
microtubules in cancer cells.

In conclusion, a series of 4-aryl-4H-chromenes were assayed in
the cellular and phenotypic sea urchin embryo assays for antimi-
totic microtubule destabilizing activity. The resulting data corre-
lated well between these two test systems. Notably, neither the
methylenedioxy nor lactone functionalities (rings A and D, respec-
tively) were essential for antimitotic microtubule destabilizing
activity, and could be successively replaced by 2-NH,, 3-CN, and
7-methoxy groups. 7-Methoxy-4-aryl-4H—chromenes (2) and their
respective oxa-PT analogues (3) displayed similar potencies, how-
ever the chromene series were more synthetically accessible with
markedly higher overall yields. The most active molecules in both
series featured a 3,5-dimethoxyphenyl ring E (2j and 3j). The dif-
ference between R- and S-enantiomers of compounds 20 and 2d
was 10 and 400 times, respectively. Considering significant antimi-
totic activity, synthetic feasibility, and high yields of 7-methoxy-4-
aryl-4H-chromenes, they represent a promising starting point in
the development of novel anticancer therapies.
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