J. Med. Chem2007,50, 5109-5117 5109

An Investigation into the Cytotoxicity and Mode of Action of Some NovelN-Alkyl-Substituted
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A range of substitutell-alkylisatins were synthesized and their cytotoxicity evaluated against several cancer
cell lines in vitro. SAR studies indicated that the introduction of an aromatic ring with a one or three carbon
atom linker at N1 enhanced the activity from that of the allyknizthoxyethyl, and '3methylbutyl
N-substituted isatins. Furthermore, electron-withdrawing groups substituted at the meta or para position of
the ring were favored over the ortho orientation. Of the 24 compounds screened, nine displayed
sub-micromolar 16 values and in general demonstrated greater selectivity toward leukemia and lymphoma
cell lines over any of the carcinoma cell lines tested. 5,7-Dibrdi(p-methylbenzyl)isatin ) was the

most active compound, inhibiting the metabolic activity of both U937 and Jurkat cancer cell lines at 0.49
uM. Various N-alkylisatins were also found to dramatically alter lymphocyte morphology, destabilize
microtubules, inhibit tubulin polymerization, induce G2/M cell cycle arrest, and activate the effector caspase-3
and -7.

Introduction the aim of the current study was to screen a rand¢-alkylated
The isatin molecule @-indole-2,3-dione) is a versatile isatins including those with both aliphatic and aromatic substi-

moiety that displays diverse biological activitiesncluding tuted groups, as well as different bromine substitution patterns

anticancer activity:® The synthetic flexibility of isatin has led ~ ©N the isatin moiety, for cytotoxicity against a panel of cancer

to the synthesis of a variety of substituted derivatives: however, C€ll lines and to determine the SAR. A further aim was to
investigate the biological mode of action using a range of cell-

the susceptibility of isatin to attack by nucleophiles at C3 has ] )
resulted in the generation of a large number of 3-substituted based and ceII-lnd_ependent approaches. The results of this work
isatins in particular. This is reflected by numerous biologically '€ reported herein.

active 3-substituted indolin-2-ones that are reported in the __

literature?=® Despite the significant amount of anticancer o HN@N

research being devoted to this chemical class, it should not be

HaCO
assumed that 3-substituted isatins are richer in bioactivity than \ ©° H.CO O. NHCOCHs,
other H-indole-2,3-dione derivativedl-Alkylated indoles have N ° O
also been reported to exhibit anticancer activity. For example, HaCO o

the indolyl amide D-248511) has been found to block cell b\ OCH,
cycle progression in a variety of malignant cell lines including cl
those derived from the prostate, brain, breast, pancreas, and 1 Colchicine (26)

colon? In vivo, compoundL proved efficacious in a rat Yoshida
AH13 sarcoma model and induced complete tumor regression
and curative treatment of the animals, with no toxic side effects. / N o
Structurally related compounds have also been reported to O % \ L
activate caspases in a cytochromeependent manner and O M \_g > N OCHs
therefore induce apoptosis in cancer cell lines but not normal o

cells® Furthermore, Liu and colleagues identified a class of isatin OCHjs

O-acyl oximes that selectivity inhibited neuronal ubiquitin 27 Nocodazole (28)
C-terminal hydrolase (UCH-L1) in a H1299 lung cancer cell

line, which is proposed to be linked to tumor progression upon Results and Discussion

upregulatior?

Z

Iz

Although very few studies have described SARSributable _ Chemistry. The structures of thil-alkylated isatins synthe-
sized are shown in Table 1. Several methods have been

to modifications to the benzene ring of isati%l® we have loved duchl-alkvlated isatins. G v, the isati
previously shown that the introduction of electron-withdrawing employed to producal-alkylated Isatins. Generally, the isatin
is exposed to an alkylating agent in the presence of a base. For

groups to the benzene ring is associated with increased biological . - ; .
activity for a range of indole-based compouddSiven this our purposes, the alkylation of the isatins was carried out using
' the general method shown in Scheme 1, withb,G3 or

K>CO; employed as a base. This procedure was based on a
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42214356. Fax:-+61 (0)2 42214135. E-mail: kivO4@uow.edu.au. method by Torred} which was reported to give good yields
lSchooI of Biological Sciences. with 7-substituted isatins. Formation of the dark violet isatin
Department of Chemistry. anion was more facile when @30; was used; however, the

a Abbreviations: SAR, structure activity relationship; PBL, peripheral iel f final | . ith h
blood lymphocyte; MDR, multi-drug resistance; EDTA, ethylenediamine- Yields of final product were comparable using either base. The
tetraacetic acid. time required for the alkylation reaction varied depending upon
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Table 1. Cytotoxicity of Isatin Derivative—25 on U9372 Jurkat? and MCF-F Cells As Calculated from Dose Response Cutves
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0
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H,C OMe 23 H Br H Br 1.13 0.66 2.64
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12 Hﬂ:*@*OMe H Br H Br 1.83 0.59 5.18 24 HZC‘\\_Q H Br H Br 237 1.42 7.81
13 Me H Br H Br 1.76 2.00 2.35 25 H Br H  Br 0.76 0.74 4.88
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T
be)

vinblastine 6.88 NT NT

ay937: human monocyte-like, histiocytic lymphoma cell lifigurkat: human leukemic T-cell line MCF-7: human mammary gland adenocarcinoma
(non-metastatic) cell line! Sigmoidal dose response curves (variable slope) were generated using GraphPad Prism V. 4.02 (GraphPad Soffatésc.).
are the mean of triplicates of at least two independent experinféits= not tested.

Scheme 1.General Method foN-Alkylation of Isatin (U937, Jurkat, and MCF-7, Table 1). The general trend observed
Derivatives To Give2—20 and 22—-2% among the three cell lines indicated that:
Rz o R, o (2) Introduction of an aromatic ring with a one carbon atom
Rs ab R linker at N1 (e.g., compoun8) enhanced biological activity
N o— N 0 by at least a factor of 2 against U937 and Jurkat cell lines as
Ry 4 Rq R compared to the allyl, '2nethoxyethyl, and '3methylbutyl
Rs Rs ! N-substituted isatins2(-4), in the 5,7-dibrominated series.

2 (a) KoCO; or CCO; (1.2 equiv), DMF (1 mL per 0.1 mmol ofisatin - However, no significant change in activity was observed for
ggﬂxla)‘t"é%);é g'_gg'hRT; (b) RX (1.1 equiv, X= Cl or Br), KI (cat., 0.2 compounds tested against the MCF-7 cell line.

’ ' ' (2) Introduction of electron-withdrawing groups such as
the nitro group were favored in the parBd) position over the
ortho (L5) orientation, but no significant difference in activity
was observed for pard 2)- or meta (3)-substituted methoxy
groups.

(3) Introduction of two bromine atoms at C5 and C7 for the
N-(p-methoxybenzyl)isatin series of compoundg)(substan-
tially increased biological activity in comparison to the non-
(7) or mono-brominated8-11) N-alkylisatins (Figure 1).

(4) Increasing the carbon chain length from5) {0 3 (24)
resulted in no significant difference in activity against all three
cancer cell lines tested.

Focusing on the most active compounds in the 5,7-dibromo-

the reactivity of the alkyl halide and so the reaction with allyl
bromide to produc@ required ory 4 h for completion, whereas
the reaction with the less reactive 1-bromo-3-methylbutane to
yield 4 required a much longer reaction time (24 h). The
synthesis of the aci@1 was accomplished via hydrolysis of
the methyl este22 under acidic conditions. The characterization
of all compounds was accomplished usitifj and 13C NMR
spectroscopy as well as low-resolution EI MS for known
compounds and high-resolution EI MS for novel compounds.
The purity of all compounds was greater than 95% as determined
by RP HPLC (see Supporting Information).

Biological Activity. Cytotoxicity and SAR Analysis. As part N-alkylisatin series, nine were found to exhibitsivalues in
of an ongoing effort to identify potent inhibitors of cancer cell  the sub-micromolar range (Table 1). 5,7-Dibroiiep-meth-
proliferation, the preparedN-alkylated isatins2—25 were ylbenzyl)isatin 6) was the most active compound, inhibiting

investigated for cytotoxicity against a range of cancer cell types 50% of the metabolic activity and hence cellular proliferation
(Table 1). A structureactivity-based selection process was used in both U937 and Jurkat cells at a concentration of Q8

to identify several crucial structural requirements needed to (Table 1). This was 22 times more potent than the unsubstituted
enhance cytotoxicity (based on a cell proliferation assay), which 5,7-dibromoisatir?, thus emphasizing the importance of N1
were determined initially against three human cancer cell lines substitution for cytotoxic activity. In addition, compoufdvas
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110 Table 2. Cytotoxicity of SelectedN-Alkylisatins against Various Cancer
__ 100 Cell Lines As Determined by Dose Response Cuives
3-% gg- ICs0 (uM)®
58 70 compound PC3  MDA-MB-231¢ HCT-116¢  A375
%5 oo 6 457 191 122 2.00
=t 40- 12 3.50 5.29 2.59 4.66
88 3] 14 NT9 2.75 2.70 2.50
g 2. 16 217 2.77 1.84 1.68
=~ 10- 17 3.44 1.90 0.53 1.22
0 . ; . 18 10.9 2.92 3.36 2.40
0.1 1 10 100 19 1.17 0.54 0.84 1.25
. 23 3.06 0.98 1.66 0.89
Concentration (uM) 25 3.42 2.06 0.83 1.19
Figure 1. Viability of U937 cells after treatment with different o - - .
concentrations off) N-(p-methoxybenzyDisatin), (a) 4-bromoN- ¢ SERALE FO RGeS (R e Bt a0 e e
(p-methoxybenzybjisating), (v) S-bromoN-(p-methoxybenzyl)isatin of triplicates of at least two independent experimefC-3: human
(9), (®) 6-bromoN-(p-methoxybenzyl)isatin1(0), (®) 7-bromoN-(p- prostate adenocarcinoma cell lifeMDA-MB-231: human mammary gland
methoxybenzyl)isatini(l), and () 5,7-dibromoN-(p-methoxybenzyl)- carcinoma (metastatic) cell lineHCT-116: human colorectal carcinoma
isatin (L2). Briefly, cells were incubated for 24 h at 37C with cell line. " A375: human malignant melanoma cell lideN T = not tested.

increasing concentrations of test compound, then analyzed for a change
in metabolic activity and expressed as percent viability in reference to

the DMSO control. Each data point is a mean of triplicateSE. 110
__ 100
>22 times more selective for leukemic (Jurkat) and lymphoma >§ gg:
(U937) cancer cell lines than for the breast adenocarcinoma = § 704
(MCF-7) cell line (Table 1). Five othex-alkylisatins (4, 16, s 5 601
17,19, and25) also demonstrated a similar pattern of specificity, Zx ﬁ:
but none were as potent sThis effect may be due in part to S § 30+
the expression of the anti-apoptotic Bcl-2 group of proteins that f’.; 20+
have been identified in MCF-7 cells, for which Bcl-2 and Bcl- 104
Xs expression specifically has been correlated with resistance 0.01 01 1 10
and poor response to chemotherapy?> Compound 19 (uM)

Interestingly, activity was compromised in all three cancer _. . Ny . i
. . . . Figure 2. Cancer cell line selectivity. Different concentrations of 5,7-
CeIL'T‘,.IInes when a car.b0>.(yllc acid was substituted at the paradibromoN-(p-triquoro-methyIbenzyl)isatin 19 were incubated with
position of the aromatic ring2(, Table 1). Such a decrease in  gither @) freshly isolated, non-transformed, human peripheral blood
activity was not correlated with electronio)(or steric effects lymphocytes (PBL), £) human monocyte-like, histiocytic lymphoma
(Es), hydrophobicity (clogP), or localized hydrophobicity at  cells (U937), or ¥) a human leukemic T-cell line (Jurkat) for 24 h at
the p-substituent ) (see Supporting Information). Considering 37 °C. Cells were then a}na_lyze_d for a change in metabolic activity and
that the K, of benzoic acid is 4.28 it is hypothesized that the express_ed as percent V|at_J|I|_ty in reference to the DMSO control. Each
- : - o data point is a mean of triplicates SE.

carboxylic acid of21 is deprotonated upon addition to the cell
culture media (pH ca. 7.4) and forms the carboxylate anion; isolated, human PBLs (Figure 2). This is promising considering
thus the lipophilicity of the molecule is significantly reduced the lack of effective and nontoxic drugs available for the
(see Supporting Information). This implies that theubstituent  treatment of MDR lymphoid malignanciéé:1°
may play an important role in the cytotoxicity of the- Mode of Action Investigations. Apoptosis and Cell Cycle
alkylisatins, but the large variety of atoms that can be substituted Arrest. As it is known that severaN-alkylindole derivatives
at this position suggests that there is no highly specific binding trigger apoptosisand induce G2/M arredt>” the effect of the
interaction occurring in this region. Alternatively, carboxylate most potentN-alkylisatins on the activation of the effector
anion formation may reduce cell uptake and hence cytotoxicity. caspases-3 and -7 and cell cycle progression was investigated.

The most potent compounds (i.e. sbC< 1 uM) determined Compoundl9was found to activate caspase-3 and -7 in a dose-
from the initial cell line screen (Table 1) were subsequently (Figure 3A) and time-dependent manner (see Supporting
tested against a panel of four additional adherent cancer cellinformation) in Jurkat cells. At 3.8M, the activity of compound
lines (PC-3, MDA-MB-231, HCT-116, and A-375, Table 2) and 19was comparable to that of the staurosporine positive control.
one normal, non-transformed human cell line suspension (PBL, Unlike staurosporine, howevelr9 exhibited a caspase activation
Figure 2). Of the nine compounds tested, four exhibitegh IC  trend in U937 cells similar to that seen in the Jurkat cell line,
values in the sub-micromolar range against at least one cell linewhile only minimal caspase activity was observed in PBLs
(17, 19, 23, and 25, Table 2). The colorectal carcinoma cell (Figure 3B). This compares closely with cytotoxicity data
line (HCT-116) was the most susceptible to treatment, with (Figure 2), whereby a decrease in the viability of cells correlates
compound17 reducing the metabolic activity by 50% at a to an increase in the activation of effector caspases-3 and -7
concentration of 0.5a&M. The MDA-MB-231 and A375 cell and hence apoptosis. Such an effect was further supported by
lines were moderately sensitive, while the prostate carcinomathe appearance of fragmented nuclei in morphologically altered
cell line PC-3 was the least susceptible to treatment, as none ofU937 cells after treatment with compou8 (see Supporting
the compounds tested exhibitedsyGralues less than M. Information). Furthermore, U937 cells treated with compounds
This differential effect is unlikely to be due to proliferative 6 and19 exhibited an increase in the accumulation of cells in
disparities, as all four cell lines have similar population doubling G2/M, in comparison to vehicle control treated cells (Figure 4,
times. Furthermore, cancer cell line selectivity was observed panels G and H). This effect was both dose and time dependent,
for compound19, which exhibited>5 times more activity whereby mitotic arrest was most apparent atiMbafter 24 h.
toward the lymphoma and leukemic cell lines than freshly At higher concentrations (i.e., 2 anduM), cells treated with
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Figure 3. Activation of the effector caspases-3 and -7 in Jurkat, U937, and PBL cells after treatment with Wagtysisatins. (A) Jurkat cells

were exposed to increasing concentrations of 5,7-dibrdhfp-trifluoromethylbenzyl)isatin X9) for 5 h at 37°C. Values were normalized to a
staurosporine (positive control). (B) Jurkat, U937, and PBL cells were exposed to three concentrations of cdrigouidh at 37°C. In all

cases, cells were then incubated with the caspase-3/7 reagért &iroom temperature, and fluorescence was measured at an excitation wavelength
of 485 and 520 nm emission. Data are meanSE of one representative experiment performed in triplicate.
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Figure 4. The effect ofN-alkylisatins on the cell cycle. U937 cells were treated with either (A) and (E) DMSO vehicle control, (B) and (F) 0.5
uM vinblastine sulfate, (C) and (G) 0:BV 5,7-dibromoN-(p-methylbenzyl)isating), or (D) and (H) 0.5M 5,7-dibromoN-(p-trifluoromethylbenzyl)-

isatin (19) for 4 h (upper panels) or 24 h (lower panels). Cells were then ethanol fixed, stained with propidium iodide, and analyzed for DNA
distribution by FACS. Cell cycle arrest was additionally determined after treatment with high and low concentrations of cor@igpanels | and

J) and19 (panels K and L).

compoundsb and 19 (respectively) showed an increase in S a sub-population of U937 cells developed an elongated forma-
phase and sub-G1 peak distribution (Figure 4, panels | and K). tion as well as irregular membrane protrusions, of which the
Although not observed in vinblastine treated cells, this latter latter appeared to be consistent with an apoptotic respbnse
effect was consistent with the induction of apoptosis (Figure (see Supporting Information). After 24 h, however, the elongated
3). morphology was more pronounced (Figure 5). An analogous
Effect on Lymphocyte Morphology. In addition to their effect has also been reported for the benzylamide sulindac de-
potent cytotoxicity, varioudN-alkylisatins were also found to  rivatives (12)-N-benzyl-5-fluoro-2-methyl-1-[(4-pyridyl)methyl
dramatically alter lymphocyte morphology (Figure 5). Within ene]-H-indene-3-acetamide hydrochloride (CP461) ang{1
5 h of incubation with less thanAM of variousN-alkylisatins, N-benzyl-5-fluoro-2-methyl-¥{4-(3,4,5-trimethoxyphenyl)-
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Figure 5. Morphological effects of variousl-alkylisatins and com-
mercial anticancer agents on U937 cells. Cells (%.010%) were
incubated with either (A) DMSO vehicle control, (B) 5,7-dibrorNe-
(cinnamyl)isatin 24), (C) vinblastine sulfate salt, (D) 5,7-dibronis-
(isopentyl)isatin 4), (E) paclitaxel, (F) 5,7-dibromdk(p-iodobenzyl)-
isatin (18), (G) 5-fluorouracil, or (H) 5,7-dibromd-(p-tert-
butylbenzyl)isatin 23) all at 0.39ug/mL for 24 h. Images were obtained
by brightfield microscopy on an inverted light microscope using a Leica
DC500 12-megapixel high-performance FireWire camera system.
Images (panels AD and FH) were viewed at 10090 magnification,
and image E was viewed at 4Q0magnification.

methylene]-1H-indene-3-acetamide (CP2-48), whereby exami-
nation of WSU-CLL cells after an 18 h treatment revealed a
marked affect on cell shapé.Interestingly, the structurally
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Figure 6. The effect of variousN-alkylisatins and commercial
anticancer agents on tubulin polymerization as determined in the in
vitro microtubule polymerization assay. Purified bovine neuronal tubulin
was used to assay for microtubule formation in the presence of either:
black circle, vehicle control; red circle, paclitaxel LM; dark blue
circle, vinblastine sulfate salt 10M; green circle, 5,7-dibromd-(p-
methylbenzyl)isatin ) 10 uM; teal circle, 5,7-dibromaN-(p-trifluo-
romethylbenzyl) isatinX9) 10 uM; dark brown circle, 5,7-dibromo-
N-(cinnamyl)isatin 24) 10 uM; or orange circle, 5,7-dibromb-(p-
phenylbenzyl)isatinZ5) 10 uM at 37 °C. A shift of the curve to the

left or right of the control is indicative of either an increase or a
decrease, respectively, in the rate of tubulin polymerization. Changes
in fluorescence were measured at an excitation wavelength o360
10 nm, and the fluorescence was collected at44M nm. Data points

are the means of duplicate experiments.

3000

activity and morphological change in this study, compoudds
19, 24, and25were chosen as representative molecules to further
investigate their ability to alter tubulin polymerization in vitro.
As expected, the potent microtubule stabilizing agent paclitaxel
resulted in a dramatic increase in the rate of tubulin polymer-
ization at 10uM, in comparison to the vehicle control, while
vinblastine strongly inhibited microtubule formation at the same
concentration (Figure 6). This was greater than the effect seen
at 3uM (see Supporting Information), indicating that the rate
of microtubule stabilization or destabilization is dose-dependent.
The N-alkylisatins6, 19, 24, and25 also strongly inhibited the
rate of microtubule polymerization at 10M, albeit not as
potently as vinblastine (Figure 6). This effect appeared to be
independent of the nature of tipesubstituent and size of the
benzene carbon linker, because compoudid®4, and 25 all
inhibited microtubule polymerization at a similar rate. By
comparison, compountd was slightly less active, but consider-
ing 19 shows broad cell-line cytotoxicity (Tables 1 and 2), this
suggests that cell death induced by direct microtubule destabi-
lization may not be its primary mechanism of action.

The role19 played in the alteration of microtubule organiza-

similar parent compounds, sulindac sulfide and sulindac sulfone, tion in comparison to DMSO and vinblastine treated lymphoma
currently being studied as chemo-preventatives in patients with cells was further investigated by fluorescence microscopy, using

familial adenomatous polyposis (FAP)did not.
A change in leukemic T-cell morphology was also noted after
treatment with compoundl8 (see Supporting Information) but

was not as obvious as that observed in the monocytic cell line.

fluorescently labeled paclitaxel. Compourd® induced the
accumulation of cells with fragmented microtubules, abnormal
mitotic spindles, and reduced cell-associated fluorescence
(Figure 7, panels BD). Conversely, cells treated with vinblas-

Morphological alterations were also seen in vinblastine (Figure tine revealed highly fragmented microtubules at both high
5, panel C) and paclitaxel (Figure 5, panel E) treated cells, but (Figure 7, panel E) and low (Figure 7, panel F) concentrations.
not in cells treated with 5-fluorouracil (Figure 5, panel G) or Compoundl9 andN-alkylisatins in general are a collection of

staurosporine (see Supporting Information), suggesting thatlow molecular weight compounds that show no structural

N-alkylisatins may either disrupt or stabilize microtubules in a
fashion similar to theVinca alkaloid$® or taxaneg*

Effects on Tubulin Polymerization and Microtubule
Formation. The indolic heterocyclic nucleus is central to a large
number of tubulin polymerization inhibitor€527 Isatins are
oxidized derivatives of an indolic moiety, and considering the
broad range ofN-alkylisatins that showed potent cell-based

similarities to theVincaalkaloids, and while binding at the same
site as these alkaloids may still be a possibility, interaction at
another tubulin site is also feasible. Recently, a methylindole-
2-carboxylate derivative was reported to adopt an orientation
similar to that of an analogubl-deacetylN-(2-mercaptoacetyl)-
colchicine (DAMA-colchicine) of colchicine26), when docked
into the colchicine binding site of tubulf.Similarly, A-432411
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Figure 7. The effect of 5,7-dibromdN-(p-trifluoromethylbenzyl) isatin 19)

Vine et al.

F

on the stability of microtubules in U937 cells. Treatment of cells with

(A) DMSO was used as the control. Cells were exposed to either(®)0.78ug/mL (1.7 uM) of compound19 or (E) 0.78ug/mL (0.9uM) or

(F) 0.20ug/mL (0.2uM) of the commercial anticancer agent vinblastine sulfate salt for 24 h. Microtubules were then visualized by direct fluorescence

microscopy after incubation for 30 min with fluorescently labeled paclitaxel.

(27) was found to compete strongly witBH]colchicine (1Go
0.13uM) in a competition-binding scintillation proximity asséy.
Conversely, the indole derivative did not compete for the
binding of either radiolabeled vincristine or colchicine to
tubulin’ This suggests thdt may bind to a novel binding site
on tubulin and induce inhibition of polymerization. Because it
is known that there are three major, well-characterized binding
sites on tubulirf32%3it would be of interest to conduct future
competitive binding studies, as well as molecular modeling and
docking studies, to verify the exact binding interactions between
the variousN-alkylisatins (from this study) and tubulin and
correlate this with SAR data.

Alternatively, it is also possible that-alkylisatin-induced

as in a cell-free system. The potent cytotoxicity displayed by
the various N-alkylisatins as compared to the commercial
anticancer agents, vinblastine and taxol, together with the
possibility of binding to a novel site on tubulin, suggest that
these compounds may be beneficial in the treatment of anti-
mitotic drug-resistant tumors in the future.

Experimental Section

General Synthesis and Experimental MethodsThe desired
isatin starting materials were either purchased or synthesized using
previously reported methods4-Bromoisatin, 6-bromoisatin, and
7-bromoisatin were obtained from Butt Park Ltd. (U.K.). All other
chemicals were purchased from the major vendors. Reactions were

microtubule disassembly is a secondary phenomenon, despitearried out using dried glassware and under an atmosphere of
some characteristics resembling those induced by the destabiliznitrogen. All solvents were AR grade except dichloromethane
ing agent vinblastine. For example, treatment of cells with the (DCM), which was LR grade and distilled before use. Reactions

microtubule-dissociating agent nocodazok®)(has been re-
ported to result in Rafl activation by Pak1, a kinase downstream
of the small GTPases Rac/Cdc#2Activated Rac and Cdc42
induce cell shape changes at the plasma membrane by formatio
of multimolecular focal complexes as well as lamellipodia and
filopodia3? It may therefore be of interest in future studies to
also determine whether variotkalkylisatins activate the Rac/
Cdc42/Pakl/Rafl signaling pathway.

Conclusions

N-Alkyl- and arylalkylisatins, in particular compoun@s12,
14, 16, 17, 18, 19, 23, and 25, are novel synthetic anticancer
agents with potent cytotoxicity in vitro, some of which show
>22 times selectivity for leukemic cells over the MCF-7,
epithelial breast adenocarcinoma. Compod®dalso exerted
significant anticancer activity on a broad range of cancer cell
lines including leukemic, lymphoma, colorectal, breast, prostate,

were monitored using thin layer chromatography (TLC) on
aluminum backed precoated silica gel 684/plates (E. Merck).
TheN-alkylisatins were highly colored and would usually be clearly
seen on a TLC plate; colorless compounds were detected using
UV light and/or iodine vapor. Flash chromatographwas carried

out using silica gel 60 (2306400 mesh, E. Merck) with the solvent
system indicated in the individual procedures. All solvent ratios
are quoted as vol/volH and3C NMR spectra of compounds-25

were acquired at 300 and 75 MHz, respectively, on a Varian Unity-
300 spectrometer and 500 and 126 MHz, respectively, on a Varian
Inova-500 spectrometer with a probe temperature of 298 K. The
NMR spectra are referenced to the residual solvent peak in the
solvent stated in the individual procedures. Hydrogen and carbon
assignments were made using standard NOE, APT, DEPT, gCOSY,
gHSQC, and gHMBC spectroscopic techniques. Low-resolution El
mass spectra (LREI-MS) were determined on a Shimadzu QP5050
spectrometer. High-resolution ElI mass spectra (HREI-MS) were
determined on VG Autospec spectrometer operating at 70 eV with
a source temperature of 25C and were referenced with PFK.

and melanoma cells and was found, together with the most activeMelting points were determined on a Reichert melting point

compound$, to destabilize microtubules in tumor cells as well

apparatus and are uncorrected.
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General Method for the Alkylation of Isatins. The appropriate Leica DC500 12-megapixel high-performance FireWire camera
isatin (~200 mg, 1 equiv) was taken up in anhydrous DMF (1 mL system (Leica Microsystems, AG, Germany) and the Leica IM50
per 0.1 mmol of isatin) and cooled on ice with stirring. Solid image manager software (Leica Microsystems AG, Heerbrugg,
K2CO; (1.2 equiv) or CgCO; (1.2 equiv) was added in one portion,  Germany).
and the dark colored suspension was brought to room temperature Cell Lines and Culture Conditions. The human lymphoma
and stirred for a further 1 h. The appropriate alkyl chloride (1.1 (y937), leukemic (Jurkat), breast (MDA-MB-231 and MCF-7),
equiv for compound§—12 and16) or bromide (1.1 equiv forall  prostate (PC-3), and colorectal (HCT-116) carcinoma cell lines as
other relevant compounds) and KI (0.2 equiv) were added, and theyye|| as the melanoma (A375) cell line were all obtained from
reaction mixture was stirred at 8 for 5-24 h, until the isatin American Type Culture Collection (ATCC, VA) distributed by
starting material had been consumed (TLC). The reaction mixture cryosite, NSW, Australia. Cell lines were routinely cultured at
was poured into HCI (0.5 M, 50 mL) and extracted with ethyl 37 °C in a Heracell incubator (Kendro Laboratory Products,
acetate (x 50 mL). The ethyl acetate layer was washed with brine | angenselbold, Germany) in 95% humidified atmosphere, contain-
and dried over MgS® The solvent was removed, and the crude jng 504 CQ. Cells were grown in culture media (10.4 g/L RPMI-
product was purified via flash column chromatography using 1640 with 2 mML-glutamine and 2 g/L NaHC§ supplemented
isocratic elution with CHCl, unless otherwise stated. with 5% (v/v) fetal calf serum (FCS), and routinely passaged at

N-Allyl-5,7-dibromoisatin (2). The product was a bright red  confluency for up to 20 passages. Adherent cell lines were detached
solid (102 mg, 45%), mp 103105 °C (lit.>* 98-100°C), R; 0.45 using sterile trypsitEDTA, washed with culture media, and
(CHLCl,, silica).'H NMR (CDCls, 500 MHz) 6 4.79 (d,J = 5 Hz, centrifuged at 1500 rpm (5gHfor 5 min at room temperature (RT)

2H, CHy), 5.23 (d,J = 17 Hz, 1H, CHisHyand, 5.26 (d,J = 10 Hz, before reseeding. All cell experiments were performed using cells
1H, CHyHyand, 5.96 (ddt,J =5, 10, 17 Hz, H, CH), 7.70 (dl in exponential growth, cultured 48 h before without change of
= 2 Hz, 1H, H4), 7.86 (d) = 2 Hz, 1H, H6).1*C NMR (CDCl, media. Adherent cells were detached prior to experiments with

126 MHz)0 43.1, 104.9, 116.8, 117.6, 121.1, 127.3, 131.4, 145.1, gterile phosphate-buffered saline (PBS) containing 5 mM EDTA
146.6, 157.7, 181.2. The quo_téH and 13C NMR spectral data (pH 7.4), and cells were then centrifuged at 1500 rpm (GIdr
were in agreement with published val#éd.REI-MS nvz 343/ 5 min at RT. Human peripheral blood lymphocytes (PBL) were
345/347 (IMF/(M + 2]"/[M + 4]%). prepared fresh, on the day of use, by density centrifugation. Briefly,
5,7-Dibromo-N-(p-methylbenzyl)isatin (6) (CAS No. 620932- | ymphoprep (7 mL) was carefully layered beneath fresh, human,
72-1).The product was a bright red solid (252 mg, 93%), mp121  peripheral blood (10 mL) that had been diluted 1:2 in PBS (pH
123°C, R 0.61 (CHClI,, silica). 'H NMR (CDCl;, 500 MHz) 6 7.4). The preparation was then centrifuged (Heraeus megafuge) at
2.30 (s, 3H, CH), 5.34 (s, 2H, HD, 7.11 (d,J = 8 Hz, 2H, phenyl 1800 rpm (808) for 20 min at RT. After centrifugation, the top,
ArH), 7.13 (d,J = 8 Hz, 2H, phenyl ArH), 7.66 (d] = 2 Hz, 1H, diluted, plasma layer was carefully removed and discarded. The
isatin ArH), 7.77 (dJ = 2 Hz, 1H, isatin ArH).3C NMR (CDCl, opaque layer, at the interface, containing peripheral blood lym-
126 MHz) 6 21.0, 44.3, 105.1, 116.9, 121.3, 126.3, 127.3, 129.3, phocytes (PBL) was collected and placed into a sterile tube.
132.5, 137.3, 145.1, 146.6, 158.2, 181.2. LREI-M& 407/409/ Collected cells were then washed twice with PBS by centrifugation
411 (IMI*/M + 2]*/[M + 4]%). HREI-MS m/z calcd for [M]* at 1800 rpm (80) for 30 min at RT, and the supernatant was
CieH11"BrNO,, 406.9157; found, 406.9175. discarded. Pelleted cells were finally resuspended in 2 mL of
4-[(5,7-Dibromo-2,3-dihydro-2,3-dioxo-H-indol-1-yl)methyl]- complete media RPMI-1640 supplemented with 5% FCS. Cell
benzoic Acid (21).The methyl este2 (70 mg, 0.15 mmol) was  vyiapility and cell number were assessed by the Trypan blue
dissolved in a mixture of concentrated HCI (8 mL), glacial acetic gxclusion method, and viable cells were counted with the aid of a
acid (8 mL), and water (2 mL) and stirred at reflux for 1.5 h. The hemocytometer.
reaction mixture was poured onto ice (1QO mL) and extracted with Cell Viability (MTS) Assay. Cytotoxicity of the isatin deriva-
\?\}Qr)g w:;ﬁ:eed(\?\;itﬁol?r irr?eL)ér?(;"(jjrtiZ% %?/n;f)mz%gﬁglsiﬁ\?;a;fv%;ers tives on various cancer and non-transformed cell lines was
removed to yield a bright orange solid. The solid was suspended g?éﬁ;gg‘t?gn uAsgg m(ﬁ/l%?)llﬁﬁ%g@;ﬁ?ﬁg&ﬂggs i:lggggriggg
in CH,Cl, .(20 mL) and then filtered, and the re_sultmg Sc.)“d was previously3® Test ():/ompourllds were incubateF:j With, different cell
washed with CHCI, to remove any trace of starting material. The lines at inéreasing concentrations ranging from 0 to 4@fmL

1 - i 0,
grgggfézavéals?)?gpl”%hécrligM%rganiiﬁggf1|£|5,9\l,\;InF?’([?,\(/)lé%’_mp for 24 h (unless. statgq otherwise) prior tq the addition of MTS.
de, 500 MHZ)S 5.3d (s, 2H, CH) 7.&’.)0 (d,J _ 8 Hz, 2H, ArH), reagent. Cytotoxic activity was then determined spectrophotometri-
7.79 (d,d = 2 Hz, 1H, isatin ArH), 7.88 (dJ = 8 Hz, 2H, ArH), cally at 490 nm. Results for each compound are reported a})s the
7.98 (d,J = 2 Hz, 1H, isatin ArH), 12.80 (br s, 1H, OH}3C concentrationgM) re_qwred to |_nh|b|tthe metabollc activity of 50%
NMR (DMSO-ds, 126 MHz) & 44.9, 104.8, 116.4, 123.5, 127.0, of the cell population (Ig) in comparison to vehicle-treated
s (DMSO) control cells. These values were calculated from loga-

130.1, 130.3, 143.0, 143.9, 146.8, 159.8, 167.8, 181.2. LREI-M rithmic sigmoidal dose response curves using the variable slope
+ + -
Mz 437/439/451 (IMT/IM + 2]7/([M + 4]"). HREI-MSm/z calcd parameter, generated from GraphPad Prism V. 4.02 software

for [M + 2] Ci6Ho"°Br8BrNO,, 438.8878; found, 438.8880.

Materials and Reagents for Cell Culture and BioassaysThe (GraphPad Software Inc.). o
culture medium RPMI-1640 was purchased from Gibco (Invitrogen _ Caspase-3/7 AssayThe activation of effector caspases-3 and
Life Technologies, NSW, Australia). Fetal calf serum (FCS) was -/ Was determined in Jurkat, U937, and PBL cells after incubation
obtained from MultiSer (ThermoTrace, Vic., Australia). Sodium With test compound or 2M staurosporine (positive control) using
bicarbonate was purchased from Univar Analytical Reagents (Ajax the Apo-ONE Homogeneous Caspase-3/7 Assay kit. The assay was
Chemicals, Australia). TrypsifEDTA solution was purchased from  carried out according to the method described previously.
Sigma-Aldrich (MO). Lymphoprep was purchased from Pharmacia  Cell Cycle Analysis by Flow Cytometry. Flow cytometry
Biotech, Australia. The CellTiter 96 AQueous One Solution Cell analysis of cellular DNA content was performed using a modifica-
Proliferation Assay and Apo-ONE Homogeneous Caspase-3/7 tion to the method described previou8lBriefly, cells (2.0x 10%)
Assay were purchased from Promega Co. (Madison, WI). Tubulin were harvested by centrifugation at 1500 rpm @1#r 5 min
Tracker Green Reagent (fluorescently labeled paclitaxel) was and fixed with ice-cold ethanol (70%) for 30 min to overnight at
obtained from Molecular Probes (Invitrogen Aust. Pty Ltd., —20°C. The ethanol was then removed by centrifugation, and cells
Australia), and the Tubulin Polymerization Assay was from were stained with Pl master mix (10@/mL RNase A, 4Q:g/mL
Cytoskeleton Inc. (Jomar Diagnostics, Australia). The Diff-Quik Pl, and PBS pH 7.4) for 30 min at 3T. DNA content was then
staining kit was purchased from Lab Aids (Sydney, NSW Australia), measured using a Becton Dickinson BD LSR Il FACSort flow
and propidium iodide was from Sigma-Aldrich (St. Louis, MO). cytometer (BD Biosciences, USA), and the proportion of cells in
Light and fluorescence microscopy images were obtained using aG0/G1, S, and G2/M phases of cell cycle was calculated on the
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basis of DNA distribution histograms using FlowJo software (V7.1,
Tree Star Inc., USA).

Effect on Tubulin Polymerization. (a) Live Cell Staining.
U937 cells (2.2x 10 cells/mL, 90uL) were seeded into the wells
of a 96-well microtiter plate and incubated for 24 h (37, 95%
humidity, 5% CQ) prior to the addition of test compound.
CompoundL9 (10 «L) was then added to the cells at a concentration
that induced the greatest amount of morphological change (as
determined from light microscopy) and incubated for a further 24
h. Control samples were also prepared by incubating cells with
either 2 uM vinblastine sulfate salt (positive control) or 2.5%
DMSO (negative control) for 24 h. Cells were then stained with
freshly prepared TubulinTracker Green reagent at a final concentra-
tion of 250 nM for 0.5 h (37°C, 95% humidity, 5% Cg) as per
the manufacturer’s instructions. Stained cells were washed once
with Dulbecco’s PBS, and fluorescence was visualized by confocal
microscopy. Confocal laser scanning microscopy images were
acquired using a Leica TCS SP system and the U\ G332 N.A.
oil PALPO immersion objective lens (Leica, Heidelberg, Germany).
Cells were excited using the 488 nm spectral line of the Argon ion
laser, and fluorescence was measured at-53@ nm.

(b) Tubulin Polymerization Assay.Compounds were tested for
their anti-mitotic ability in reference to vinblastine sulfate and
paclitaxel positive controls in a fluorescence-based Tubulin Po-
lymerization Assay?® Briefly, 50 uL of tubulin reaction mix (2
mg/mL purified bovine brain tubulin in 80 mM PIPES pH 6.9, 2.0
mM MgCl,, 0.5 mM EGTA, 1.0 mM GTP, and 20% glycerol) was
added to duplicate wells of a half area 96-well black plate containing
5 uL of either vehicle control, paclitaxel, vinblastine sulfate, or
compounds, 19, 24, and25 all at a final concentration of 3 or 10
uM. The rate of polymerization was followedrfd h at 37°C
using an excitation wavelength of 36& 10 nm, and the
fluorescence was collected at 44010 nm.
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