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a CDK inhibitor, in human lung cancer cells

Jong-Won Lee,* Myoung Ju Moon,® Hye-Young Min,* Hwa-Jin Chung,* Eun-Jung Park,?
Hyen Joo Park,” Ji-Young Hong,* Yong-Chul Kim® and Sang Kook Lee™*

4College of Pharmacy, Ewha Womans University, 11-1 Daehyun-dong, Seodaemun-ku, Seoul 120-750, Republic of Korea
Department of Life Science, Gwangju Institute of Science & Technology, 1 Oryong-dong, Buk-gu, Gwangju 500-712,
Republic of Korea

Received 12 April 2005; accepted 23 May 2005
Available online 1 July 2005

Abstract—A novel indirubin analog, indirubin-5-nitro-3’-monoxime, inhibited cell proliferation against various human cancer cells.
Additional studies indicate that the mechanism of action of this analog against human lung cancer cells might be to arrest cell cycle
progression at the G,/M phase and induce apoptosis via p53- and mitochondria-dependent pathways. These data suggest that
indirubin-5-nitro-3’-monoxime might be a novel candidate for development of anticancer agents.

© 2005 Elsevier Ltd. All rights reserved.

Cyclin-dependent kinases (CDKs) are the major molec-
ular players with cyclins in cell cycle progression. Inhibi-
tion of CDK activity has turned out to be the most
productive strategy for the discovery and design of novel
anticancer agents specifically targeting the cell cycle. A
large number of CDK inhibitors have been reported pre-
viously, and these drugs generally bind to the ATP
pocket in the CDK catalytic site. CDK inhibitors may
inhibit the growth of cancer cells by causing cell cycle
arrest and apoptosis. Several representative CDK inhib-
itors are flavopiridol, UCN-01, olomoucine, rocosvitine,
butyrolactone I, indirubin-5-sulfonate, and indirubin-3'-
monoxime.!

Indirubin, a red-colored 3,2’-bisindole isomer, is a minor
component of Qing Dai (Indigo naturalis), but the biolog-
ical activity of Qing Dai has been attributed to indirubin,
including antitumor activity.> Recent studies revealed
that indirubin and its derivatives are potent inhibitors of
CDKs.? Indirubin-5-sulfonate and indirubin-3’-monox-
ime inhibit the activity of CDK and lead to G; and
G,/M phase cell cycle arrest in hematopoietic Jurkat cells
and SV40-transformed human breast epithelial HBL-100
cells.* Additional studies show that indirubin-3’-monox-
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ime induces G,/M phase cell cycle arrest by inhibiting
CDK1 and GSK3 in HBL-100 cells and induces G,/M
phase cell cycle arrest as well as G; phase cell cycle arrest
in MCF-7 cells.>° In addition, these studies also reveal
that meisoindigo induces G; phase cell cycle arrest and
apoptosis in NB4 and U937 leukemia cells.” On this line,
we recently designed and synthesized indirubin analogs to
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Figure 1. Chemical structure of indirubin and its derivatives.
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develop potential antitumor agents (Fig. 1). We evaluated
the growth-inhibitory potential of indirubin and its ana-
logs against various human cancer cells. In addition, in
this study, the mechanism of action study on the inhibito-
ry effect of human cancer cell growth was performed with
indirubin-5-nitro-3’-monoxime in human A549 lung can-
cer cells.

First, we evaluated inhibitory effects of indirubin and its
analogs on the proliferation of various human cancer
cells (A549, human lung carcinoma; Col2, human colon
carcinoma; HT-1080, human fibrosarcoma; and HL-60,
human myeloid leukemia) using sulforhodamine B
(SRB) or MTT assays.® As summarized in Table I,
indirubin exhibited moderate inhibitory effects on the
proliferation of A549 and HT-1080 cells. Indirubin-5-
sulfonate did not inhibit the growth against tested
human cancer cells. However, indirubin-5-nitro-3’-mon-
oxime exhibited the most potent inhibitory effects
against all tested human cancer cells with 1Csy ranging
from 5.4 to 25.5 uM (Table 1). In addition, this com-
pound was most effective in A549 human lung cancer
cells, which is approximately 12 times more potent than
indirubin-3’-monoxime and six times than indirubin
(Table 1 and Fig. 2). Therefore, prompted by the poten-
cy on A549 cells, we further investigated the growth-in-

Table 1. Effects of indirubin and its derivatives on cell proliferation in
human cancer cells

Compounds I1Cso(1M)
A549 Col2 HT-1080 HL-60
Indirubin 31.0 >100 422 >100
Indirubin-5-sulfonate >100 >100 >100 >100
Indirubin-3’-monoxime 62.0 >100 4.8 >100
Indirubin-5-nitro-3’- 5.4 25.5 5.9 9.2
monoxime

Results are represented as ICsq values (uM).
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Figure 2. Inhibitory effects of indirubin-5-nitro-3’-monoxime against
various human cancer cell proliferation. Human cancer cells were
treated with various concentrations of indirubin-5-nitro-3’-monoxime
for 72 h. The growth-inhibitory activities were evaluated using SRB or
MTT assays. Data are represented as the mean = SD (n = 3), and ICs
values were determined by nonlinear regression analysis.

hibitory mechanism of indirubin-5-nitro-3’-monoxime
in A549 cells.

Because cancer cells are prone to inactivating cell cycle
checkpoints and/or apoptotic progress, regulation of cell
cycle progression and induction of apoptosis have been
regarded as novel strategies for the control of prolifera-
tion of cancer cells. Generally, many anticancer agents,
especially most CDK inhibitors, inhibited the growth of
cancer cells through regulation of cell cycle progres-

Table 2. Effects of indirubin-5-nitro-3’-monoxime on cell cycle
progression in A549 cells

Time (h) Samples Cell cycle distribution (%)
G()/Gl S G2/M Sub-G()
8 Control 59.6 24.3 16.0 0
INM 46.1 26.8 27.1 0
16 Control 53.1 30.9 16.0 0
INM 46.5 31.8 21.7 0
24 Control 54.2 19.7 232 2.9
INM 39.9 16.1 22.0 22.0

INM: indirubin-5-nitro-3’-monoxime.
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Figure 3. G,/M phase cell cycle arrest by indirubin-5-nitro-3’-monox-
ime in A549 cells. Cells were treated with or without 2.5 pM indirubin-
S-nitro-3’-monoxime for the indicated times. The distribution of cell
cycle was analyzed by flow cytometry, and the percentage of
distribution in distinct phases of the cell cycle was determined using
ModFIT LT v.2.0 software.
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sion.*%1° Based on this line, we primarily evaluated the
mechanism of growth inhibition by indirubin-5-nitro-3’-
monoxime in relation to cell cycle regulation. A549 cells
were incubated with 2.5 pM indirubin-5-nitro-3’-mon-
oxime for 8, 16, and 24 h. The effect on cell cycle pro-
gression was analyzed by flow cytometry.® We found
that, compared to control cells, cells exposed to indiru-
bin-5-nitro-3’-monoxime slightly arrested at the G,/M
phase of the cell cycle up to 16 h, and subsequently accu-
mulated in the sub-Gg phase at 24 h (Table 2 and Fig. 3).
In addition, when cells were treated with 2.5, 5, and
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Figure 4. Increase of sub-Gy DNA content by indirubin-5-nitro-3'-
monoxime in A549 cells. Cells were treated with various concentra-
tions of indirubin-5-nitro-3’-monoxime for 24 h. Cell cycle analysis
was performed as described in the text.

10 uM indirubin-5-nitro-3’-monoxime for 24 h, cell pop-
ulation in the sub-G, phase was drastically increased,
and the percentage of cells was 22.0%, 36.8%, and
71.1% by the treatment with 2.5, 5, and 10 uM indiru-
bin-5-nitro-3’-monoxime, respectively (Fig. 4). Because
the increase of cells in the sub-G, phase generally indi-
cate the increase of apoptotic cell death,'®!? indiru-
bin-5-nitro-3’-monoxime may induce apoptosis in
A549 cells. These results suggest that indirubin-5-nitro-
3’-monoxime induced the G,/M phase cell cycle arrest
and apoptosis in a time- and dose-dependent manner.
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Figure 6. Induction of DNA fragmentation by indirubin-5-nitro-3’-
monoxime in A549 cells. Cells were treated with various concentra-
tions of indirubin-5-nitro-3’-monoxime for 24 h. Extracted DNA was
separated by agarose gel electrophoresis. (M indicates 100-bp DNA
ladder, and C indicates control cells.).
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Figure 5. The increase of chromatin condensation by indirubin-5-nitro-3’-monoxime in A549 cells. Cells were treated with the indicated
concentrations of test compound for 24 h. After treatment, the nuclei were stained with Hoechst 33258 fluorescent dye and observed under the
fluorescence microscope (x100 magnification). Red arrows indicate chromatin condensation.
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Figure 7. Effect of indirubin-5-nitro-3’-monoxime on the expression of
the indicated proteins in A549 human lung cancer cells. Cells were
exposed to various concentrations of indirubin-5-nitro-3’-monoxime
for 24 h. The expression level was analyzed by Western blot analysis.
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It is known that various characteristic responses occur
during apoptosis, including loss of membrane asymme-
try and attachment, cell shrinkage, chromatin condensa-
tion, and chromosomal DNA fragmentation.!> To
confirm whether the induction of cell death by indiru-
bin-5-nitro-3’-monoxime is related to apoptosis, we next
examined cellular changes such as chromatin condensa-
tion and DNA fragmentation by indirubin-5-nitro-3’-
monoxime using Hoechst 33258 staining method and
agarose gel electrophoresis, respectively.'®!> A549 cells
were treated with various concentrations of indirubin-
5-nitro-3’-monoxime for 24 h. As the concentration of
indirubin-5-nitro-3’-monoxime was increased, the cell
population of which chromatin was condensed in the
nucleus was also gradually increased (Fig. 5). In addi-
tion, as illustrated in Figure 6, DNA fragmentation
was observed at 5 uM of indirubin-5-nitro-3’-monox-
ime, the concentration of which about 40% of cells were
accumulated in the sub-Gg phase. Therefore, it is sug-
gested that cell death induced by indirubin-5-nitro-3'-
monoxime was closely related to apoptosis, which was
revealed by the increase of chromatin condensation
and DNA fragmentation, two hallmarks of apoptotic
phenomena.'®

Finally, to investigate the effect of indirubin-5-nitro-3’-
monoxime on the expression of cell cycle and apopto-
sis-related  proteins, Western blot analysis was
performed.® Treatment of indirubin-5-nitro-3’-monox-
ime for 24 h was markedly induced p53 and p21 expres-
sion in a concentration-dependent manner (Fig. 7). p53
mediates cell cycle arrest and apoptosis by direct induc-
tion of various CDK inhibitors and apoptosis inducers,
for example, CDK inhibitor p21.!7 In addition, several
reports have suggested that p53-dependent p21 expres-
sion afforded cell cycle arrest and apoptosis.!®2° There-
fore, upregulation of p53 and p2l expression might
contribute to cell cycle arrest and apoptosis mediated
by indirubin-5-nitro-3’-monoxime. Moreover, the level
of cytochrome ¢, which is released from mitochondria
and mediates intrinsic apoptotic cascades, was also in-
creased in a dose-dependent manner (Fig. 7), indicating

apoptosis by indirubin-5-nitro-3’-monoxime might oc-
cur through mitochondria-mediated pathway as demon-
strated in several reports published previously.?!

In summary, the present study demonstrates that a
novel CDK inhibitor, indirubin-5-nitro-3’-monoxime,
inhibited cell proliferation in human lung cancer cells
AS549, and its mechanism might be to arrest cell cycle
progression at G,/M phase and induce apoptosis via
p53- and mitochondria-dependent pathways. It suggests
that indirubin-5-nitro-3’-monoxime might be a potential
candidate for the development of anticancer agents.
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