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A series of C4-N-substituted podophyllum derivatives were synthesized and tested for cytotoxicity in
HeLa, BGC-823, A549, Huh7 and MCF-7 cells by MTT assay. Pharmacologically, most derivatives displayed
potent cytotoxicity against at least one of the tested tumor cell lines. Structure activity relationship (SAR)
analysis suggests that compounds with imidogen exposed on the pyridine, rather than pyrimidine, exhib-
ited significantly elevated potency. Moreover, the presence of a chlorine atom in the heterocyclic ring
enhanced cytotoxicity, with the order 3-position > 4-position > 5-position > 6-position. Specifically, two

{f?é‘;w;dslium derivates compounds, 3g and 3h, with 2-amino-3-chloropyridine substituted into the podophyllotoxin (PPT) and
N linﬁage 4'-0-demethylepipodophyllotoxin (DMEP) scaffolds were shown to have the most potent HeLa cells cyto-

SAR toxicity compared to other synthesized derivatives or reference compounds PPT, DMEP and etoposide
(VP-16). The compound 3g was shown to inhibit microtubule polymerization and compound 3h affected
topoisomerase Il catalytic activity. Both compounds resulted in G,/M phase arrest and apoptosis, purport-
edly by increasing the expression of P53, followed by Bax up-regulation, Bcl-2 down-regulation, and cas-
pase-3 activation. As a result of this work, we conclude that compounds 3g and 3h are more potent

Microtubule
Topoisomerase II

anticancer agents than VP-16, and that they work by different antitumor mechanisms.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Podophyllum peltatum L., also known as the American Mayapple,
is the source of podophyllum compounds, including podophyllo-
toxin (PPT, a) (Fig. 1a) and 4'-O-demethylepipodophyllotoxin
(DMEP, b) (Fig. 1b).'"* Studies show that structural modification
of the podophyllum scaffold results in essential changes to the
anti-microtubule activity of PPT and the anti-topoisomerase II
activity of structurally modified DMEP.>® Anti-microtubule agents
promote cell death by interfering with the function of the mitotic
spindle and induce cell apoptosis by promoting mitotic arrest,
which leads to arrest of the cell cycle in metaphase.”® Topoisomer-
ase Il inhibitors interfere with DNA-topoisomerase II by stabilizing
the covalent DNA-topoisomerase Il cleavable complex, which
eventually leads to cell death due to the generation of single and
double stranded DNA breaks.”

To date, hundreds of derivatives have been designed and
synthesized using podophyllum compounds, such as etoposide
(VP-16) and teniposide (VM-26) (Fig. 1c), both of which are more
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potent antitumor agents than DMEP.'*!! In fact, VP-16 and VM-
26 were officially approved in 1983 and 1992, respectively, for
clinical use against various types of cancers, including: breast can-
cer, testicular cancer, small-cell lung cancer, lymphoma, Kaposi’s
sarcoma and childhood leukemin.'*'® Studies have shown that
the C-4 position of podophyllum analogs is a variable region,
according to the composite pharmacophore model proposed by
MacDonald et al.'* However, their clinical use has been limited
by unintended side effects, such as myelosuppression, neutropenia,
and nausea, as well as by drug resistance and poor bioavailability.
These limitations have inspired further search for new, effective
antitumor agents based on the scaffolds of PPT and DMEP.'>~!7
Structural modifications of the C-4 position on these compounds
can be achieved through O-, S- or N-linkage. In general, the O-
linked (ethers, esters) and S-linked (thioethers) compounds are
less active compared to the N-linked congeners.'®2° Recently,
new synthetic N-linked congeners, such as GL-331 and NPF
(Fig. 1d), were shown to exhibit improved cytotoxicity and topoi-
somerase Il inhibitory activity.?’~?°> GL-331 is currently in Phase
Il clinical trials for gastric carcinoma, colon cancer, non-small cell
carcinoma, and etoposide resistant malignancies.?®?” NPF, a prom-
ising new antitumor agent was found to be a 10-fold more potent
inhibitor of topoisomerase Il and 100-fold more cytotoxic against
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Figure 1. Structures of PPT, DMEP and related compounds.

various human tumor cells than VP-16,%2° but the current status
of this agent is unclear.

In the past several years, multiple C4-N-substituted podophyl-
lum derivatives were synthesized and explored,***! but C4-N-ami-
dopodophyllotoxin derivatives have received less attention. The
main objective of the current work was to discover potent and
selective antitumor agents using N linkage podophyllum deriva-
tives based on the scaffolds of PPT and DMEP. The compounds
2-aminopyrimidine and 2-aminopyridine are broadly used as
intermediates during derivative synthesis. In the current study,
we hypothesized that these two compounds could generate more
potent derivatives when substituted in the C-4 position by N link-
age. Thus, we aimed to successfully synthesize four C4-N-arylami-
no substituted podophyllum derivatives. The resulting derivatives
were measured for their cytotoxicity against the HeLa, BGC-823,
A549, Huh7, and MCF-7 cell lines. The resulting data were analyzed
by SAR, and the outcomes suggested that derivatives made using 2-
aminopyrimidine or 2-aminopyridine precursors had improved
activity. Hence we designed and synthesized a series of podophyl-
lum derivatives and introduced a chlorine atom into various posi-
tions of the N-heterocycle, as this is purported to direct the
molecular recognition process effectively and reliably in terms of
overall protein-ligand binding affinity.>> SAR analysis was once
again performed to facilitate the selection of synthesized deriva-
tives for further biological evaluation of potency to induce cell cycle
arrest and apoptosis; activate apoptosis-related proteins, such as
P53, members of the Bcl-2 family and caspase-3; inhibit microtu-
bule polymerization and topoisomerase II activity. The information
obtained this way maybe useful in the future for similar structural
optimization as well as in easier understanding of mechanisms of
action of podophyllum derivatives. This work could probably pro-
vide an essential framework of discovery and development of effec-
tive antitumor agents from natural parent compounds.

2. Results and discussion
2.1. Chemistry

Podophyllum derivatives were prepared from (a) and (b). The
synthetic route used to obtain title compounds is outlined in

(d)

Scheme 1. The intermediates (e) and (f) were synthesized from
(a) and (b), respectively, by a modified version of Kuhn’s method,**
in which a solution of (a) or (b) in dry dichloromethane was bub-
bled by dry hydrogen bromide gas at 0 °C. Next, the target com-
pounds were synthesized by reduction of (e) or (f) using
anhydrous barium carbonate as a catalyst in dry dichloromethane
at room temperature, according to a previously published
method.>* Lastly, a series of N linkage podophyllum derivates were
obtained in yields of 24-51%. The structures of the final products
were confirmed by their 'H NMR, 3C NMR, ESI-MS spectral prop-
erties and elemental analyses, and purity estimation was per-
formed with HPLC. Only those products with 95% purity were
evaluated for biological activity.

2.2. Cytotoxicity of compounds against five tumor cell lines

The cytotoxicity of four N linkage podophyllum derivates (com-
pounds 1g-2g and compounds Th-2h) was evaluated in vitro by a
MTT growth inhibition assay, which was carried out with a panel of
five tumor cell lines: HeLa, BGC-823, A549, Huh7 and MCF-7. PPT,
DMEP and VP-16 were used as positive controls. The screening pro-
cedure was based on the standard MTT method with calculated
ICsg values indicating 50% inhibition of cell growth, as summarized
in Table 1. According to the ICsy values derived from in vitro
screening studies, four of the compounds demonstrated inhibition
inferior to the positive controls. However, compared to compounds
1g and 1h, compounds 2g and 2h were more potent against HeLa
cells (ICso = 183.77 uM and 170.00 uM vs 20.44 uM and 13.16 pM),
which implied that 2-aminopyridine was a better substituent in
the C-4 positions of PPT and DMEP by N linkage.

On the basis of these SAR analysis results, we subsequently
aimed to explore the influence of a chlorine substituent in the het-
erocyclic ring of 2-aminopyridine. Therefore, eight N linkage podo-
phyllum derivatives containing a chlorine atom were synthesized
by the synthetic route presented in Scheme 1. The results of
in vitro cytotoxicity using the same five human tumor cell lines
are presented in Table 2. All eight compounds exhibited cytotoxic-
ity. ICso values were all below micromolar levels, with some falling
within the nanomolar range, which approximated or surpassed
those of the reference controls PPT, DMEP and VP-16. Several
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Scheme 1. Synthesis of N linkage podophyllum derivates compounds 1g-6g and compounds 1h-6h.

Table 1

Cytotoxicity against five tumor cell lines of compounds 1g-2g and 1h-2h
Compd Ar PPT/DMEP IC5o(LM)

HeLa” BGC-823° MCE-7" A549° Huh7”

1g m PPT 183.77+7.11 183.25+9.69 185.47 +11.83 193.38 +13.11 288.17 £13.21
1h Nj/N DMEP 170.00 £ 8.75 169.45 +9.56 17233 +12.22 184.22+11.14 262.80+14.34
2g /\ PPT 20.44+1.04 19.81+1.34 18.40 £2.52 51.86+2.03 84.48 +3.96
2h Nj)‘ DMEP 13.16 £ 1.42 20.33+1.42 18.39+2.41 41.33+1.56 63.25+2.74
PPT / / 20.52+1.38 33.35+141 36.77 +2.47 67.45+2.24 175.96 + 2.56
DMEP / / 15.96 £1.22 21.26+2.42 2036+ 1.26 52.86 +3.85 166.78 = 2.29
VP-16 / / 59.38 £0.77 30.74+5.13 28.29+1.96 67.25+7.05 87.54+2.14

@ Data are the mean of three independent experiments.
> MTT methods, drug exposure was for 48 h.

important SARs could be deduced from these results. Firstly, we
observed that the introduction of a chlorine atom into the nitrogen
heterocycle caused a considerable improvement in activity. In
general, the chlorine substituent podophyllum derivatives (com-
pounds 3g-6g and compounds 3h-6h) showed greater cytotoxicity
than their corresponding parent analogues (compound 2g and
compound 2h). This is in contrast to the natural lignans PPT and
DMEP, which had ICso of 20.52 uM and 15.96 uM, respectively,
against Hela cells. Secondly, we found that changing the position
of the chlorine atom in the nitrogen heterocycle caused a major
alteration (compounds 3g-6g and compounds 3h-6h), with the
order 3-position > 4-position > 5-position > 6-position. Thirdly, we
observed that the trend in cell potency was maintained regardless
of whether PPT or DMEP was substituted.

2.3. Induction of cell cycle arrest and apoptosis in HeLa cells by
compounds 3g and 3h

Previous studies®>>° have reported that podophyllum derivates,
including VP-16, are known to cause G,/M cell cycle arrest, fol-
lowed by cell apoptosis. Accordingly, further biological evaluations
focused on the highest potency compounds, 3g and 3h, substituted
by 2-amino-3-chloropyridine in PPT and DMEP, to determine
whether antitumor mechanisms were related to cell cycle arrest
and apoptosis.

To define the cell cycle arrest, the most sensitive HeLa cells
were treated with compound 3g (0.25, 0.5 and 1 uM) and com-
pound 3h (0.125, 0.25 and 0.5 uM) for 24 h, and flow cytometric
analysis was performed. A concentration dependent change was
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Table 2

Further exploration of ICsq values for compounds 3g-6g and 3h-6h containing chlorine substituent
Compd Ar PPT/DMEP I1C30 (UM)

HeLa" BGC-823" MCE-7" A549° Huh7"
2g - ] PPT 2044 +£1.04 19.81+1.34 18.40 £2.52 51.86 £ 2.03 84.48 +3.96
2h Ns DMEP 13.16 £ 1.42 2033 +1.42 18.39+2.41 41.33+1.56 63.25+2.74
3g Z ] PPT 0.46 +0.03 421+1.18 12.79 £2.44 18.59£2.33 30.72+£2.93
3h N« cl DMEP 0.24 +0.06 2.29+0.71 9.36+1.71 10.07 £1.25 2532+2.18
4g -~ Cl PPT 3.25+0.92 13.24+1.41 15.41£2.93 21.32+2.91 59.12 +4.46
4h Ne . DMEP 0.98 +0.09 8.47 +1.66 8.90+1.96 11.04+£2.73 37.25+4.08
5g Cl PPT 7.33+0.81 20.46 +2.71 21.54+245 2544 +2.74 63.78 +4.24
5h 7 DMEP 5.54+1.42 11.36+£2.35 1557 £2.12 18.74 £ 2.56 40.71 £3.56
N< J

6g Cl - PPT 20.33+2.92 23.24+1.54 24.56 £ 0.74 3241211 70.47 £2.52
6h N | DMEP 9.15+1.73 13.12+1.42 20.71+£1.29 3041+1.17 64.59 £ 2.33
PPT / / 20.52+1.38 3335+1.41 36.77 £2.47 67.45+2.24 175.96 + 2.56
DMEP / / 15.96 £ 1.22 21.26+242 20.36+1.26 52.86 +3.85 166.78 +2.29
VP-16 / / 59.38 £0.77 30.74+5.13 28.29 £1.96 67.25+7.05 87.54+2.14

@ Data are the mean of three independent experiments.
5 MTT methods, drug exposure was for 48 h.
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Figure 2. Effects of compounds 3g (0.25, 0.5 and 1 pM) and 3h (0.125, 0.25 and 0.5 uM) on cell cycle of HeLa cells. Cells were incubated for 24 h and stained with PI. Their
DNA content was analyzed by fluorescence flow cytometry.
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Figure 3. Effects of compounds 3g (0.25, 0.5 and 1 uM) and 3h (0.125, 0.25 and 0.5 pM) on cell apoptosis of HeLa cells. Cells were incubated for 48 h and induction of

apoptosis was measured by Annexin-V/PI double-staining assay.

observed in the cell cycle pattern, which is shown in Figure 2. Our
results demonstrate that treating HeLa cells with compound 3g
increased the percentage of cells in the G,/M phase from 3.71%
to 63.00% as the concentration increased from 0.25 to 1 pM. Like-
wise, after treating HeLa cells with increasing concentrations of
compound 3h, the distribution of cells in the G,/M phase were
22.19%, 49.29% and 74.88%. The flow cytometric data clearly shows
that these two compounds cause cell cycle arrest in the G,/M
phase.

In order to further explore whether the growth inhibition was
related to the induction of apoptosis, we employed Annexin V/pro-
pidium iodide (PI) staining to detect the apoptosis ratio after the
Hela cells were treated with compound 3g (0.25, 0.5 and 1 uM)
and compound 3h (0.125, 0.25 and 0.5 pM) for 48 h. As shown in
Figure 3, the percentage of normal cells (left lower section of fluor-
ocytogram) remaining after treatment with 1 pM of compound 3g
represented 5.3% of the total cells, compared to 87.6% of HeLa cells
treated with 0.1% dimethyl sulfoxide (DMSO) as a control. The ratio
of apoptotic cells, including early apoptosis (right lower section of
fluorocytogram) and late apoptosis (right upper section of fluoro-
cytogram), was 85.4%, whereas the control ratio was 11.7%. Fur-
thermore, we observed that the induction of apoptosis occurred
in a dose-dependent manner. There was a statistically significant
difference in the degree of apoptosis induced by compound 3h
treatment at the 0.25 pM concentration compared to 0.125 pM.
The apoptosis ratios for these two concentrations were 59.3% and
27.0%, respectively. The effect was maintained, even at 0.5 M con-
centration, with apoptosis ratio of 92.6%, which was nine fold
higher than the control ratio. Taken together, these results confirm
that growth inhibition mediated by treatment with compounds 3g
and 3h is related to the induction of apoptosis.

2.4. Effect of compounds 3g and 3h on apoptosis-related
proteins

Apoptosis is mainly controlled by two major pathways, the
mitochondrial pathway and the membrane death receptor

pathway.>” The majority of anti-neoplastic drugs appear to activate
the mitochondrial pathway.*® It is well known that caspases and
members of the Bcl-2 family, such as Bax and Bcl-2, play important
roles in mitochondrial pathway induction by various stimula-
tions.>***! Bcl-2 can prevent the release of cytochrome c from
mitochondria during apoptosis mediated by the mitochondrial
pathway. However, Bax plays a contrary role in this pathway.*?
Among the family of caspases, caspase-3 has been reported to be
the most frequently activated caspase protease in apoptotic cells,
indicating its crucial role in the cell death process.*®

To reveal the possible mechanisms responsible for the apoptotic
effects of compounds 3g and 3h, we examined whether caspase-3,
Bax and Bcl-2 were activated during apoptosis induced by varying
concentrations of these two compounds. As show in Figure 4, the
expression of caspase-3 and Bax was significantly increased, while
Bcl-2 expression was decreased by these two compounds in a
dose-dependent manner. These results suggest that the apoptotic
response induced by compounds 3g and 3h may be associated with
the mitochondrial pathway and accompanied by increased expres-
sion of Bax, decreased expression of Bcl-2, and activation of cas-
pase-3.

Next, we tested whether the observed cell apoptosis induced by
compounds 3g and 3h was related to the expression of P53. P53
tumor suppressor is known to integrate multiple stress signals into
a series of diverse antiproliferative responses. One of the most
important P53 functions is its ability to induce apoptosis, and thus,
it serves as a regulator of the apoptotic process that can modulate
key control points in both the extrinsic and intrinsic pathways.**
Hela cells P53 protein expression was increased following 48 h
treatment with compounds 3g and 3h. This response, which was
evident even at low doses, was amplified with increasing doses,
implying that P53 plays an essential role in the compounds’ mech-
anisms of action. In contrast, expression of B-actin, an internal con-
trol, was unchanged (Fig. 4). These results suggest that compounds
3g and 3h induce Hela cells apoptosis by increasing P53 expres-
sion, followed by Bax up-regulation, Bcl-2 down-regulation, and
caspase-3 activation.
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Figure 4. Effects of compounds 3g (0.25, 0.5 and 1 uM) and 3h (0.125, 0.25 and
0.5 uM) on expressions of apoptosis-related proteins. HeLa cells were treated with
different concentrations for 48 h. Whole cell lysates were analyzed for expression
levels of P53, Bcl-2, Bax, and caspase-3 by Western blotting. Control represented the
Hela cells with 0.1% DMSO treatment. B-Actin was used as a loading control.

2.5. Inhibition of microtubule polymerization by compound 3g

PPT and its analogues bind to the colchicine binding site of
tubulin near the o- and B-microtubule interface and interfere with
microtubule polymerization to exert antitumor effects.*> For fur-
ther insight into the biological effects of compound 3g on cellular
microtubule arrangement, we investigated microtubule structure
and distribution in HeLa cells by indirect immunofluorescence
(IF) using an anti a-tubulin antibody. Figure 5 shows that 0.1%
DMSO treated cells (negative control) demonstrated typical inter-
phase microtubule organization with a widespread network of
long microtubules. At concentration of 0.25 pM, compound 3g
did not affect the interphase microtubule network. At the 1 uM
concentration, compound 3g completely disrupted the network
of microtubules and altered the overall cellular shape, with all of
the cells becoming roundish. These effects were pronounced, even

Tubulin

compound 3g

(025 uh)

Conirol
(0.1% DMS0)

*1-;/’/'\ —— 11—
o - - - - -
N (D)

compound 3g

(0.5 uM)
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compared to those seen in cells treated with the same concentra-
tion of colchicine (positive control). Overall, a significant reduction
of the microtubules at the periphery of the cells was evident, the
central networks were disorganized, and the cells displayed obvi-
ous apoptosis, as indicated by fragmented nuclei. Therefore, we
concluded that compound 3g definitively inhibits microtubule
polymerization, and does so in a dose dependent manner.

2.6. Inhibition of human topoisomerase II kinetoplast DNA
(kDNA) decatenation by compound 3h

It has been reported that the DNA-topoisomerase Il complex is
the molecular target of many antitumor drugs, such as the DMEP
derivates, VP-16 and VM-26.%¢ To further understand the antitu-
mor mechanisms of compound 3h substituted in the scaffold of
DMEP, we evaluated the catalytic activity of topoisomerase Il using
a kDNA decatenation assay. As shown in Figure 6, a high level of
decatenation was observed at low concentrations of 3h. Complete
inhibition of kDNA decatenation was induced by 10 pM concentra-
tion of 3h, showing it to be more effective than the same concen-
tration of VP-16. These results provide strong evidence that
compound 3h exhibits antiproliferative properties against human
tumor cells by inhibiting the activity of topoisomerase II.

3. Conclusions

In this study, we synthesized a series of N linkage podophyllum
derivates, several of which displayed improved anticancer activity
compared to PPT or DMEP and VP-16. SAR analysis indicated that
podophyllum derivates containing 2-aminopyridine at the C-4
position (compounds 2g and 2h) show optimum biological activity.
Compounds containing a chlorine atom substituted into the
heterocyclic ring (compounds 3g-6g and compounds 3h-6h) dis-
played enhanced activity compared to their corresponding parent
analogues (compound 2g and compound 2h). What is more,
changing the position of the chlorine substituent on the nitrogen
heterocycle caused a significant improvement in the potency, with
the order 3-position (compounds 3g and 3h)>4-position

T C ) ~—
. f )

compound 3g

(1 pdD (1 pv)

Figure 5. Effects of compound 3g(0.25, 0.5 and 1 uM) on microtubule assembly. Microtubule organization in HeLa cells exposed for 24 h to solvent vehicle alone (0.1% DMSO,
negative control), compound 3g (0.25, 0.5 and 1 uM) and colchicine (1 puM, positive control), as revealed by immunofluorescence localization of a-tubulin (green) and nuclei

staining (blue). Bar: 22 um.
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compound 3h VP-16

25 10pM

0pM  5uM

Figure 6. Effects of compound 3h (2.5, 5 and 10 pM) on decatenation of kDNA by
topoisomerase II (TOPO II). VP-16 was used as reference at 10 uM. DNA samples
were separated by gel electrophoresis.

(compounds 4g and 4h) > 5-position (compounds 5g and 5h) > 6-
position (compounds 6g and 6h). Upon further study, we found
that compounds 3g and 3h exhibited the strongest antitumor
potency, arrested HeLa cells in the G,/M phase of the cell cycle,
and caused apoptosis in HeLa cells. The latter effect may be due
to increased P53 expression resulting in the up-regulation of Bax,
the down-regulation of Bcl-2, and the activation of caspase-3.
Mechanistic study demonstrated that compound 3g exerted its
antitumor activity through the inhibition of microtubule polymer-
ization, while compound 3h inhibited topoisomerase II catalytic
activity. The present findings provide evidence that compounds
3g and 3h possess antitumor mechanisms of action. In summary,
the presented data provide insights into the modification of podo-
phyllum derivatives. This work also adds to the current body of
knowledge detailing the mechanisms of action of podophyllum
derivatives. In addition, it provides useful information for struc-
tural optimization studies in general, as well as for studies focused
on the discovery and development of effective antitumor agents
from natural parent compounds. In future research, these findings
should be followed by a detailed investigation utilizing binding
models to identify more derivatives and improve upon ICsq values.
We will continue to investigate the biological activity of these
compounds to contribute to a better understanding of their antitu-
mor mechanisms of action and evaluate their potential to be
potent anticancer agents.

4. Experimental
4.1. General experimental procedures

Solvents were purified in the usual way. Analytical thin-layer
chromatography (TLC) was performed on precoated Merck silica
Gel 60 F254 plates. Column chromatography was carried out on sil-
ica gel (60-120 mesh, Merck chemicals). '"H NMR and 3C NMR

spectra were obtained using a Bruker AC-300/400 MHZ NMR spec-
trometer with tetramethylsilane (TMS) as the internal standard. All
chemical shifts are expressed in parts per million (ppm, for ). Elec-
trospray ionization mass spectrometry (ESI-MS) spectra were
obtained with an agility MSD trap mass spectrometer after dissolv-
ing the compounds in methanol. Elemental analyses were done in a
Perkin Elmer CHNS/O Analyzer 2400.

4.2. Synthesis of compounds (e) and (f)

A solution of (a) (PPT, 10 g, 24 mmol) or (b) (DMEP, 9.6 g,
24 mmol) in 250 ml of dry dichloromethane was kept at 0 °C, and
dry hydrogen bromide gas was bubbled into the solution for about
2 h until TLC showed the total disappearance of (a) or (b). Then,
nitrogen was bubbled through the solution to drive off excess
hydrogen bromide and the solution was evaporated in vacuum.
Water, formed in the reaction was removed using benzene as an
azeotropic mixture. Lastly, the desired product (e) (11.8 g) or (f)
(11.5 g) was obtained and used in the next reaction step without
further purification.*’

4.3. Synthesis of N linkage podophyllum derivates

A solution containing (e) (716 mg, 1.5 mmol) or (f) (695 mg,
1.5 mmol), anhydrous BaCO3 (590 mg, 3.0 mmol), and the appropri-
ate arylamine (1.65 mmol) in 15 ml dry dichloromethane under
nitrogen was stirred overnight at room temperature. The reaction
mixture was filtered, diluted with ethylacetate, washed with water,
dried over anhydrous MgSO,4, and purified by silica gel column
chromatography using dichloromethane-acetone-ethylacetate
(100:5:5) or toluene-ethylacetate (3:1) as eluents.*®

4.3.1. 4-N-(2-Aminopyrimidine)-4-deoxidation-4'-
podophyllotoxin (1g)

The yield 31%; white powder, 'TH NMR (300 MHz, CDCLs, 25 °C,
TMS): 6 =3.05 (s, 1H; H-3), 3.06 (s, 1H; H-2), 3.74 (s, 3H; OCHs),
3.80 (s, 6H; OCH3), 3.94 (s, 1H; H-11), 4.40 (d, J=6 Hz, 1H; H-
11), 4.60 (s, 1H; H-1), 5.29 (d, J= 15 Hz, 2H; H-4 and NH), 5.93
(d, J=9Hz, 2H; H-13), 6.32 (s, 3H; Ar-H), 6.51 (s, 1H; Ar-H), 6.61
(s, 1H; Ar-H), 6.82 (s, 1H; Ar-H), 8.16 ppm (s, 1H; Ar-H); '3C
NMR (75 MHz, CDCL3, 25 °C, TMS): ¢ =38.29 (C-3), 42.13 (C-2),
44.03 (C-1), 50.28 (C-4), 56.45 (OCH3), 60.98 (OCHs), 69.63 (C-
11), 101.78 (C-13), 108.49 (Ar-C), 108.63 (Ar-C), 109.73 (Ar-C),
110.15 (Ar-C), 111.94 (Ar-C), 130.01 (Ar-C), 132.39 (Ar-C), 135.27
(Ar-C), 147.79 (Ar-C), 148.51 (Ar-C), 152.83 (Ar-C), 158.20 (Ar-C),
161.65 (Ar-C), 174.94 ppm (C-12). MS (ESI): m/z: 491.17 [M+H]*;
Anal. Calcd for CyH»5N307: C, 63.54; H, 5.13; N, 8.55. Found: C,
63.55; H, 5.06; N, 8.44.

4.3.2. 4-N-(2-Aminopyrimidine)-4-deoxidation-4'-
demethylepipodophyllotoxin (1h)

The yield 24%; white powder, 'TH NMR (300 MHz, CDCLs, 25 °C,
TMS): 6 =2.96 (s, 1H; H-3), 2.97 (s, 1H; H-2), 3.70 (s, 6H; OCHs),
3.76 (s, 1H; H-11), 4.31 (s, 1H; H-11), 4.53 (s, 1H; H-1), 5.23 (s, 1
H; H-4), 5.27 (d, J = 3 Hz, 1H; exchangeable NH), 5.86 (d, J = 9 Hz,
2H; H-13), 6.26 (s, 3H; Ar-H), 6.45 (s, 1H; Ar-H), 6.55 (s, 1H; Ar-
H), 6.75 (s, 1H; Ar-H), 8.10 ppm (s, 1H; Ar-H); '*C NMR (75 MHz,
CDCL3;, 25°C, TMS): §=38.17 (C-3), 42.19 (C-2), 43.81 (C-1),
50.25 (C-4), 56.65 (OCH3), 69.58 (C-11), 101.75 (C-13), 108.18
(Ar-C), 109.65 (Ar-C), 110.16 (Ar-C), 111.82 (Ar-C), 129.90 (Ar-C),
130.73 (Ar-C), 132.56 (Ar-C), 134.30 (Ar-C), 146.72 (Ar-C), 147.73
(Ar-C), 148.50 (Ar-C), 158.17 (Ar-C), 161.40 (Ar-C), 174.99 ppm
(C-12). MS (ESI): m/z: 477.15 [M+H]"; Anal. Calcd for
CasHa3N307: C, 62.89; H, 4.86; N, 8.80. Found: C, 63.16; H, 5.21;
N, 8.61.
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4.3.3. 4-N-(2-Aminopyridine)-4-deoxidation-4'-
podophyllotoxin (2g)

The yield 28%; white powder, '"H NMR (300 MHz, CD;0D, 25 °C,
TMS): 6 =3.04 (s, 1H; H-3), 3.05 (s, 1H; H-2), 3.71 (s, 3H; OCH3),
3.73 (s, 6H; OCH3), 4.62 (s, 2H; H-11), 4.63 (s, 1H; H-1), 5.08 (s,
1H; H-4), 5.98 (s, 2H; H-13), 6.28 (s, 2H; Ar-H), 6.52 (s, 1H; Ar-H),
6.81 (t,J=6 Hz, 1H; Ar-H), 7.00 (d, J = 12 Hz, 2H; Ar-H), 7.80 ppm
(d, J=6Hz, 2H; Ar-H); 3C NMR (75 MHz, CD50D, 25 °C, TMS):
6=38.30(C-3),42.16 (C-2), 51.71 (C-1), 52.84 (C-4), 55.37 (OCH3),
59.87 (OCH3), 69.13 (C-11), 101.85 (C-13), 107.02 (Ar-C), 108.27
(Ar-C), 109.58 (Ar-C), 113.09 (Ar-C), 114.59 (Ar-C), 125.62 (Ar-C),
131.29 (Ar-C), 137.03 (Ar-C), 138.81 (Ar-C), 141.95 (Ar-C), 147.72
(Ar-C), 149.08 (Ar-C), 151.12 (Ar-C), 153.06 (Ar-C), 172.49 ppm (C-
12). MS (ESI): m/z: 490.17 [M+H]"; Anal. Calcd for C,;H,6N,07: C,
66.11; H, 5.34; N, 5.71. Found: C, 65.95; H, 5.27; N, 5.53.

4.3.4. 4-N-(2-Aminopyridine)-4-deoxidation-4'-
demethylepipodophyllotoxin (2h)

The yield 30%; white powder, "H NMR (300 MHz, CD;0D, 25 °C,
TMS): 6 =3.03 (s, 1H; H-3), 3.04 (s, 1H; H-2), 3.71 (d, J =9 Hz, 6H;
OCHs), 3.78 (s, 1 H; H-11), 4.59 (s, 1H; H-11), 4.63 (s, 1H; H-1),
5.05 (s, 1H; H-4), 5.98 (s, 2H; H-13), 6.25 (s, 2H; Ar-H), 6.52 (s,
1H; Ar-H), 6.83 (d, J = 6 Hz, 1H; Ar-H), 6.98 (d, J = 15 Hz, 2H; Ar-
H), 7.79 ppm (d, J =6 Hz, 2H; Ar-H); '*C NMR (75 MHz, CD;0D,
25 °C, TMS): 6 =40.71 (C-3), 41.83 (C-2), 50.22 (C-1), 51.32 (C-4),
53.97 (OCH3), 59.11 (C-11), 100.24 (C-13), 105.36 (Ar-C), 106.59
(Ar-C), 108.07 (Ar-C), 111.50 (Ar-C), 113.00 (Ar-C), 123.97 (Ar-C),
128.13 (Ar-C), 130.15 (Ar-C), 133.30 (Ar-C), 137.26 (Ar-C), 140.36
(Ar-C), 146.24 (Ar-C), 147.46 (Ar-C), 149.57 (Ar-C), 171.74 ppm
(C-12). MS (ESI): m/z: 476.16 [M+H]"; Anal. Calcd for Co6H,4N,05:
C, 65.54; H, 5.08; N, 5.88. Found: C, 65.29; H, 5.00; N, 5.71.

4.3.5. 4-N-(2-Amino-3-chloropyridine)-4-deoxidation-4'-
podophyllotoxin (3g)

The yield 46%; white powder, 'H NMR (400 MHz, CDCLs, 25 °C,
TMS): 6 =3.04 (s, 1H; H-3), 3.05 (s, 1H; H-2), 3.71 (s, 6H; OCH3),
3.73 (d, J=4Hz, 1 H; H-11), 3.76 (s, 3H; OCHs), 4.33 (t,J=8 Hz, 1
H; H-11), 457 (d, J=4Hz, 1H; H-1), 5.08 (d, J=8 Hz, 1H; H-4),
5.38 (d, /=4 Hz, 1H; exchangeable NH), 5.90 (d, /=4 Hz, 2H; H-
13), 6.30 (s, 2H; Ar-H), 6.47 (s, 1H; Ar-H), 6.58-6.61 (m, 1H; Ar-
H), 6.75 (s, 1H; Ar-H), 7.45 (d, J=4Hz, 1H; Ar-H), 7.97 ppm (d,
J=4Hz, 1H; Ar-H); ®C NMR (100 MHz, CDCLs;, 25°C, TMS):
6=38.14 (C-3), 41.89 (C-2), 43.76 (C-1), 50.00 (C-4), 56.14
(OCHs), 60.69 (OCH3), 69.74 (C-11), 101.52 (C-13), 108.16 (Ar-C),
109.20 (Ar-C), 109.89 (Ar-C), 114.32 (Ar-C), 115.17 (Ar-C), 130.08
(Ar-C), 132.34 (Ar-C), 135.14 (Ar-C), 136.51 (Ar-C), 145.77 (Ar-C),
147.60 (Ar-C), 148.26 (Ar-C), 152.51 (Ar-C), 153.15 (Ar-C),
174.82 ppm (C-12). MS (ESI): m/z: 524.14 [M+H]"; Anal. Calcd for
Cy7H25CIN,05: C, 61.78; H, 4.80; N, 5.34. Found: C, 61.79; H,
4.75; N, 5.27.

4.3.6. 4-N-(2-Amino-3-chloropyridine)-4-deoxidation-4'-
demethylepipodophyllotoxin (3h)

The yield 42%; white powder, 'H NMR (400 MHz, CDCLs, 25 °C,
TMS): 6 =3.04 (s, 1H; H-3), 3.06 (s, 1H; H-2), 3.73 (d, J=12 Hz, H;
H-11), 3.79 (s, 6H; OCH3), 4.38 (d, J=8 Hz, 1H; H-11), 4.60 (d,
J=4Hz, 1H; H-1),5.09 (d, ] = 4 Hz, 1H; H-4), 5.41 (s, 1H; exchange-
able NH), 5.95 (d,J = 4 Hz, 2H; H-13), 6.33 (s, 2H; Ar-H), 6.53 (s, 1H;
Ar-H), 6.62-6.65 (m, 1H; Ar-H), 6.78 (s, 1H; Ar-H), 7.49 (d, ] = 8 Hz,
1H; Ar-H), 8.00 ppm (t, =4 Hz, 1H; Ar-H); '3C NMR (100 MHz,
CDCL3;, 25°C, TMS): §=38.07 (C-3), 42.05 (C-2), 43.62 (C-1),
50.02 (C-4), 56.40 (OCH3), 69.76 (C-11), 101.52 (C-13), 107.89
(Ar-C), 109.17 (Ar-C), 109.96 (Ar-C), 114.32 (Ar-C), 115.22 (Ar-C),
130.08 (Ar-C), 130.57 (Ar-C), 132.56 (Ar-C), 136.53 (Ar-C), 145.79
(Ar-C), 146.43 (Ar-C), 147.58 (Ar-C), 148.26 (Ar-C), 153.18 (Ar-C),
174.93 ppm (C-12). MS (ESI): m/z: 510.12 [M+H]*; Anal. Calcd for

Ca6H23CIN207: C, 61.12; H, 4.54; N, 5.48. Found: C, 61.27; H,
4.66; N, 5.26.

4.3.7. 4-N-(2-Amino-4-chloropyridine)-4-deoxidation-4'-
podophyllotoxin (4g)

The yield 51%; white powder, '"H NMR (400 MHz, CDCLs, 25 °C,
TMS): 6 =2.95 (s, 1H; H-3), 2.96 (s, 1H; H-2), 3.68 (s, 6H; OCH3),
3.69 (s, 3H; OCH3), 3.73 (d, J=8Hz, 1H; H-11), 4.31 (d, J=8 Hz,
1H; H-11), 4.46 (d, J=4Hz, 1H; H-1), 5.19 (d, J= 8 Hz, 1H; H-4),
5.32 (s, 1H; exchangeable NH), 5.81 (s, 1H; H-13), 5.87 (s, 1H; H-
13), 6.25 (s, 2H; Ar-H), 6.42 (s, 2H; Ar-H), 6.56 (d, J=8 Hz, 1H;
Ar-H), 6.75 (s, 1H; Ar-H), 7.90 ppm (d, J=4Hz, 1H; Ar-H); '3C
NMR (100 MHz, CDCL3, 25 °C, TMS): § = 38.08 (C-3), 41.74 (C-2),
43.69 (C-1), 49.61 (C-4), 56.07 (OCH3), 60.61 (OCHs), 69.67 (C-
11), 101.44 (C-13), 108.03 (Ar-C), 108.23 (Ar-C), 109.36 (Ar-C),
114.19 (Ar-C), 130.27 (Ar-C), 132.06 (Ar-C), 135.26 (Ar-C), 136.80
(Ar-C), 144.46 (Ar-C), 147.38 (Ar-C), 147.95 (Ar-C), 148.60 (Ar-C),
152.44 (Ar-C), 158.39 (Ar-C), 175.08 ppm (C-12). MS (ESI): m/z:
524.14 [M+H]"; Anal. Calcd for C,;H,5CIN,O7: C, 61.78; H, 4.80;
N, 5.34. Found: C, 61.66; H, 4.79; N, 5.25.

4.3.8. 4-N-(2-Amino-4-chloropyridine)-4-deoxidation-4'-
demethylepipodophyllotoxin (4h)

The yield 48%; white powder, 'H NMR (400 MHz, CD;0D and
CDCL3, 25 °C, TMS): 6 =3.18 (s, 1H; H-3), 3.19 (s, 1H; H-2), 3.78
(s, 6H; OCHs), 3.85 (d, J= 8 Hz, 1H; H-11), 4.40 (t, J = 8 Hz, 1H; H-
11), 4.61 (d, J= 4 Hz, 1H; H-1), 4.87 (d, ] =4 Hz, 1H; H-4), 5.97 (d,
J=4Hz, 2H; H-13), 6.34 (s, 2H; Ar-H), 6.54 (d, ] = 8 Hz, 2H; Ar-H),
6.64 (s, 1H; Ar-H), 6.76 (s, 1H; Ar-H), 7.53 ppm (s, 1H; Ar-H); '3C
NMR (100 MHz, CD30D and CDCL3, 25 °C, TMS): 6 =42.12 (C-3),
45,57 (C-2), 47.31 (C-1), 54.67 (C-4), 59.99 (OCH3), 72.41 (C-11),
105.47 (C-13), 111.93 (Ar-C), 112.96 (Ar-C), 113.66 (Ar-C), 130.47
(Ar-C), 132.80 (Ar-C), 133.56 (Ar-C), 134.04 (Ar-C), 135.99 (Ar-C),
138.35 (Ar-C), 147.50 (Ar-C), 150.97 (Ar-C), 151.46 (Ar-C), 152.32
(Ar-C), 159.79 (Ar-C), 179.36 ppm (C-12). MS (ESI): m/z: 510.12
[M+H]*; Anal. Calcd for Cy6H,3CIN;05: C, 61.12; H, 4.54; N, 5.48.
Found: C, 61.18; H, 4.50; N, 5.28.

4.3.9. 4-N-(2-Amino-5-chloropyridine)-4-deoxidation-4'-
podophyllotoxin (5g)

The yield 39%; white powder, 'H NMR (400 MHz, CDCLs, 25 °C,
TMS): 6 =2.97 (s, 1H; H-3), 2.98 (s, 1H; H-2), 3.69 (s, 6H; OCH3),
3.72 (s, 3H; OCH3), 3.74 (d, J=8 Hz, 1H; H-11), 4.33 (s, 1H; H-
11), 4.48 (d, J=4 Hz, 1H; H-1), 4.98 (d, J =4 Hz, 1H; H-4), 5.28 (s,
1H; exchangeable NH), 5.85 (s, 1H; H-13), 5.89 (s, 1H; H-13),
6.26 (s, 2H; Ar-H), 6.35 (d, J = 8 Hz, 1H; Ar-H), 6.44 (s, 1H; Ar-H),
6.75 (s, 1H; Ar-H), 7.29 (d, J=4Hz, 1H; Ar-H), 7.97 ppm (d,
J=4Hz, 1H; Ar-H); 3C NMR (100 MHz, CDCL;, 25°C, TMS):
6=38.16 (C-3), 41.80 (C-2), 43.69 (C-1), 49.86 (C-4), 56.10
(OCH3), 60.66 (OCH3), 69.73 (C-11), 101.47 (C-13), 108.09 (Ar-C),
109.32 (Ar-C), 109.56 (Ar-C), 109.77 (Ar-C), 120.63 (Ar-C), 130.33
(Ar-C), 132.07 (Ar-C), 135.21 (Ar-C), 137.24 (Ar-C), 145.89 (Ar-C),
147.43 (Ar-C), 148.01 (Ar-C), 152.46 (Ar-C), 155.87 (Ar-C),
175.08 ppm (C-12). MS (ESI): m/z: 524.14 [M+H]"; Anal. Calcd for
Co7H25CIN,07: C, 61.78; H, 4.80; N, 5.34. Found: C, 61.61; H,
4.91; N, 5.08.

4.3.10. 4-N-(2-Amino-5-chloropyridine)-4-deoxidation-4'-
demethylepipodophyllotoxin (5h)

The yield 37%; white powder, 'H NMR (400 MHz, CDCLs, 25 °C,
TMS): 6 =2.97 (s, 1H; H-3), 2.98 (s, 1H; H-2), 3.73 (s, 6H; OCH3),
3.75 (d, J = 12 Hz, 1H; H-11), 4.34 (s, 1H; H-11), 4.50 (s, 1H; H-1),
4.88 (d, J=8Hz, 1H; H-4), 5.27 (d, J=8 Hz, 1H; exchangeable
NH), 5.88 (s, 1H; H-13), 5.92 (s, 1H; H-13), 6.28 (s, 2H; Ar-H),
6.37 (d, =8 Hz, 1H; Ar-H), 6.47 (s, 1H; Ar-H), 6.76 (s, 1H; Ar-H),
7.32 (d, J=12 Hz, 1H; Ar-H), 8.00 ppm (d, J = 4 Hz, 1H; Ar-H); '3C



H. Wang et al./Bioorg. Med. Chem. 22 (2014) 6183-6192 6191

NMR (100 MHz, CDCLs, 25 °C, TMS): 6 =38.11 (C-3), 41.93 (C-2),
43.52 (C-1), 49.97 (C-4), 56.35 (OCH3), 69.72 (C-11), 101.47 (C-
13), 107.84 (Ar-C), 109.26 (Ar-C), 109.51 (Ar-C), 109.84 (Ar-C),
120.73 (Ar-C), 130.27 (Ar-C), 130.61 (Ar-C), 132.32 (Ar-C), 137.30
(Ar-C), 145.96 (Ar-C), 146.41 (Ar-C), 147.40 (Ar-C), 148.05 (Ar-C),
155.86 (Ar-C), 175.11 ppm (C-12). MS (ESI): m/z: 510.12 [M+H]";
Anal. Calcd for C;6H,3CIN,O7: C, 61.12; H, 4.54; N, 5.48. Found: C,
61.10; H, 4.68; N, 5.34.

4.3.11. 4-N-(2-Amino-6-chloropyridine)-4-deoxidation-4'-
podophyllotoxin (6g)

The yield 47%; white powder, 'H NMR (400 MHz, CDCLs, 25 °C,
TMS): 6 =2.96 (s, 1H; H-3), 2.97 (s, 1H; H-2), 3.69 (s, 6H; OCH3),
3.71 (s, 3H; OCH3), 3.75 (d, J=4Hz, 1H; H-11), 4.37 (d, J=4 Hz,
1H; H-11), 446 (d, J=4 Hz, 1H; H-1), 5.08 (d, ] = 8 Hz, 1H; H-4),
5.28 (d, J=4 Hz, 1H; exchangeable NH), 5.83 (s, 1H; H-13), 5.88
(s, 1H; H-13), 6.25 (s, 2H; Ar-H), 6.28 (s, 1H; Ar-H), 6.41 (s, 1H;
Ar-H), 6.57 (d, J= 8 Hz, 1H; Ar-H), 6.76 (s, 1H; Ar-H), 7.26 ppm (t,
J=8Hz, 1H; Ar-H); 3C NMR (100 MHz, CDCL;, 25°C, TMS):
6=38.17 (C-3), 41.72 (C-2), 43.69 (C-1), 49.73 (C-4), 56.10
(OCH3), 60.64 (OCH3), 69.71 (C-11), 101.47 (C-13), 106.56 (Ar-C),
108.08 (Ar-C), 109.35 (Ar-C), 112.74 (Ar-C), 130.06 (Ar-C), 132.10
(Ar-C), 135.23 (Ar-C), 136.89 (Ar-C), 139.56 (Ar-C), 147.40 (Ar-C),
148.01 (Ar-C), 149.42 (Ar-C), 152.45 (Ar-C), 157.53 (Ar-C),
175.08 ppm (C-12). MS (ESI): m/z: 524.14 [M+H]*; Anal. Calcd for
C,7H,5CIN,07: C, 61.78; H, 4.80; N, 5.34. Found: C, 61.68; H,
4.93; N, 5.26.

4.3.12. 4-N-(2-Amino-6-chloropyridine)-4-deoxidation-4'-
demethylepipodophyllotoxin (6h)

The yield 36%; white powder, 'H NMR (400 MHz, CDCLs, 25 °C,
TMS): 6 =2.93 (s, 1H; H-3), 2.94 (s, 1H; H-2), 3.69 (s, 6H; OCH3),
3.71 (d, J= 12 Hz, 1H; H-11), 4.33 (d, J = 8 Hz, 1H; H-11), 4.42 (d,
J=4Hz, 1H; H-1), 5.19 (d, J =4 Hz, 1H; H-4), 5.28 (d, =4 Hz, 1H;
exchangeable NH), 5.82 (d, =4 Hz, 1H; H-13), 5.87 (s, 1H; H-13),
6.26 (s, 2H; Ar-H), 6.28 (d, J=8 Hz, 1H; Ar-H), 6.40 (s, 1H; Ar-H),
6.57 (d, J=8Hz, 1H; Ar-H), 6.75 (s, 1H; Ar-H), 7.25 ppm (d,
J=8Hz, 1H; Ar-H); 3C NMR (100 MHz, CDCL;, 25°C, TMS):
6=38.13 (C-3), 41.77 (C-2), 43.48 (C-1), 49.69 (C-4), 56.33
(OCH3), 69.72 (C-11), 101.45 (C-13), 106.59 (Ar-C), 107.85 (Ar-C),
109.33 (Ar-C), 112.66 (Ar-C), 130.03 (Ar-C), 130.68 (Ar-C), 132.29
(Ar-C), 133.86 (Ar-C), 139.56 (Ar-C), 146.38 (Ar-C), 147.28 (Ar-C),
147.96 (Ar-C), 149.39 (Ar-C), 157.60 (Ar-C), 175.25 ppm (C-12).
MS (ESI): m/z: 510.12 [M+H]"; Anal. Calcd for CygH»3CIN,05: C,
61.12; H, 4.54; N, 5.48. Found: C, 61.16; H, 4.53; N, 5.40.

4.4. Cell culture

Five human tumor cell lines, HeLa, BGC-823, A549, Huh7, MCF-
7, were cultured on Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum, 100 U/ml penicillin and
100 pg/ml streptomycin in 25 cm? culture flasks, at 37 °C in an
incubator with a humidified atmosphere containing 5% CO-.

4.5. Evaluation of cytotoxicity in vitro

Cytotoxicity was assessed by the MTT assay”® as an indicator of
metabolically active cells. Cells were harvested from the culture
during the experimental growth phase and seeded in a 96-well
plate at a density of 5 x 10%-1 x 10’ cells/ml in fresh medium.
After overnight growth, cells were treated with compounds,
including PPT, DMEP and VP-16, compounds 1g-6g and 1h-6h
with eight concentrations (0.01, 0.1, 1, 10, 50, 100, 200 and
500 uM) (pre-dissolved in DMSO) and incubated for 48 h. After-
wards, the medium was discarded and replaced with 10 pl of
5 mg/ml MTT solution (diluted in sterile PBS) diluted in serum-free

medium. After the plates were incubated at 37 °C for 4 h, the
resulting formazan crystals were solubilized in 100 pl DMSO, fol-
lowed by shaking for 15 min on an oscillator. The optical density
was read at 492 nm with a microplate reader (Biotek synergy 2).
ICsp values were determined from a log plot of percent of control
versus concentration. All assays were performed in triplicate and
mean * SD values were used to estimate cell viability.

4.6. Analysis of cell cycle

The effects of compounds on cell cycle were analyzed using flow
cytometry as described by Kim et al.>° Briefly, HeLa cells were trea-
ted with different concentrations of compounds 3g (0.25, 0.5 and
1 uM) and 3h (0.125, 0.25 and 0.5 pM) for 24 h. After incubation,
a total of 1.5 x 10° cells were harvested from the treated and nor-
mal samples. The cells were washed twice with PBS and fixed over-
night in 70% ethanol at 4 °C. The cells were then centrifuged to
remove the fixative, washed three times with PBS, and incubated
with 100 pg/ml of Rnase A and 50 pig/ml of PI in the dark at room
temperature for 30 min to stain DNA. The cell cycle distribution
was detected by FACSCalibur flow cytometer (BD).

4.7. Analysis of apoptosis

Apoptosis analysis was performed according to Ren et al.’!
Briefly, HeLa cells were treated with different concentrations of
compounds 3g (0.25, 0.5 and 1 uM) and 3h (0.125, 0.25 and
0.5 uM) for 48 h. After incubation, cells were collected and washed
twice in cold PBS and re-suspended in 200 pl of binding buffer at a
concentration of 1.5 x 10° cells/ml. The samples were incubated
with 5 pl of Annexin V-FITC and PI in the dark for 15 min at room
temperature. Samples were then analyzed by FACSCalibur flow
cytometer (BD) and evaluated based on the percentage of cells
positive for Annexin V.

4.8. Western blot analysis

Hela cells treated with different concentrations of compounds
3g (0.25, 0.5 and 1 uM) and 3h (0.125, 0.25 and 0.5 uM) for 48 h
were harvested, rinsed twice with cold PBS, and lysed with lysis
buffer. Protein concentration in the resulting lysate was deter-
mined using the bicinchoninic acid (BCA) assay. Appropriate
amounts of protein (20 pg-30 pg) were separated by electrophore-
sis in 10-12% Tris-glycine polyacrylamide gels and transferred to
nitrocellulose membranes. Membranes were blocked and then
incubated overnight with appropriate primary antibody at dilu-
tions specified by the manufacturer. The next day, they were
washed and incubated with the corresponding HRP-conjugated
secondary antibody at a 1:1000 dilution in Tris-buffer Saline-
Tween 20 (10 mM, Tris-Cl [PH = 7.4], 150 mM Nacl, 0.1% Tween-
20). Bound secondary antibody was detected using an enhanced
chemiluminescence system (Pierce Biotechnology).

4.9. Microtubule polymerization inhibition assays

Intracellular microtubule organization was revealed by indirect
IF analyses. Experiments were carried out with cells plated on glass
coverslips at a density of 1.5 x 10% cells/cm? and grown for 24 h in
control medium followed by an incubation of 24 h in the presence
of different concentrations of compound 3g (0.25, 0.5 and 1 uM) or
solvent vehicle alone (0.1% DMSO). Colchicine (1 pM) was used as a
positive control. At the end of the treatments, cells were fixed and
stained as previously described.’” Briefly, HeLa cells were fixed and
permeabilized for 10 min with methanol at —20 °C, washed with
PBS and blocked in PBS and 1% bovine serum albumin (BSA) for
15 min at room temperature. To localize tubulin, the cells were
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incubated with monoclonal antitubulin antibody (clone B-5-1-2,
Beyotime), 1:500 in PBS for 1 h at room temperature. As secondary
antibody, we used FITC-labeled Goat Anti-Mouse IgG (Beyotime),
1:1000 in PBS and 5% BSA for 1 h at room temperature. Nuclei
staining were performed by incubation with DAPI (0.25 mg/ml in
PBS) for 5 min at room temperature. The coverslips were examined
with a Zeiss Axiovert 200 microscope equipped with a 60x Neoflu-
or lens. Images were acquired with an Axiocam camera (Zeiss) and
PC running Axiovision software (Zeiss).

4.10. Topoisomerase II-mediated KDNA decatenation assays

Based on a previous report by Hasinoff et al.,>® a gel assay was
carried out to determine if compound 3h inhibited the catalytic
decatenation activity of topoisomerase Il by the ATP-dependent
decatenation of kDNA. In general, 0.2 ng catenated kDNA (TOPO-
GEN, Ohio) was incubated at 37 °C for 1 h in the presence of com-
pound 3h at different concentrations (2.5, 5 and 10 uM) and
10 uM VP-16 in a final volume of 20 pl containing 50 pM Tris-
Cl (pH=8.0), 150 mM NacCl, 10 uM MgCl,, 5uM ATP, 0.5 uM
DTT and 30 pg/ml BSA. The reaction was stopped by further
30 min incubation at 37 °C with 3 pl SDS containing 1 mg/ml pro-
teinase K. Gel electrophoresis and detection were performed as
described above. Subsequently, samples were separated by sub-
marine 1% agarose gel electrophoresis (55 V, 2 h), and gels were
stained with 10 pl/100 ml ethidium bromide for 20 min. The gel
was visualized under UV illumination and photographed on an
Alpha Imager.
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