Bioorganic & Medicinal Chemistry 20 (2012) 4693-4700

Contents lists available at SciVerse ScienceDirect Bloorganic & Medicinal
Bioorganic & Medicinal Chemistry H
journal homepage: www.elsevier.com/locate/bmc ==

Synthesis, cytotoxic activities and cell cycle arrest profiles of half-sandwich
N-sulfonamide based dithio-o-carborane metal complexes

Huan Dou?, Wei Zhong?, Liu Yang?, Tingting Wang?, Hong Yan®*, Yayi Hou **

2 Immunology and Reproductive Biology Lab and Jiangsu Key Laboratory of Molecular Medicine, Medical School, Nanjing University, Nanjing 210093, China
b State Key Laboratory of Coordination Chemistry, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093, China

ARTICLE INFO ABSTRACT

Article history:

Received 20 April 2012
Revised 4 June 2012
Accepted 5 June 2012
Available online 15 June 2012

Keywords:

Half-sandwich complex
Carborane

Non-small cell lung cancer
Apoptosis

Cell cycle arrested

Two half-sandwich cobalt and rhodium complexes 2a and 2b with combination of carborane and N-Sulfon-
amide were synthesized and fully characterized by NMR spectroscopy, mass spectrometry, elemental
analysis as well as X-ray crystallography. In an in vitro cytotoxicity assay toward the non-small cell lung
cancer cell lines of A549 and NCI-H460, 2b showed the stronger activity than 2a, which was confirmed
by the morphological test. Mechanistic studies for 2b showed that inhibition of NSCLC cell growth was med-
iated by GO/G1 cell cycle arrested without the significant apoptosis induction. Furthermore, 2b altered the
mRNA levels of CCND1, CCNE1 and PCNA, which were known to control GO/G1 phase of the cell cycle. Our
western blot analysis also showed that 2b-induced GO/G1 cell cycle arrest was mediated through the
decreased expression of cyclin D1, cyclin E1 and PCNA.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Lung cancer is the most common cancer with high mortality
throughout the world. In China it is the top of 10 malignant neo-
plasms.! Similarly, lung cancer is by far the leading cause of cancer
death among both men and women in the United States, which
will be an estimated 160,340 deaths in 2012 accounting for about
28% of all cancer deaths.? Of these, non-small cell lung cancer
(NSCLC) accounted for ~85%.3 Lung carcinoma is the result of
molecular changes in the cell, resulting in the deregulation of path-
ways controlling normal cellular growth, differentiation, and apop-
tosis. The cell cycle is involved in these cellular processes, which is
crucial to tumorigenesis. Cell cycle progression required precise
expression and activation of several cyclins and cyclin-dependent
kinases (CDKs). Once activated, the cyclin/CDKs form complexes
that initiate phosphorylation of other proteins and downstream cy-
clin/CDK complexes. Alterations in these proteins, which lead to
failure of cell cycle arrest, may thus serve as markers of a more
malignant phenotype. Accordingly, improper progression through
the cell cycle results in genomic and chromosomal instability as
well as in uncontrolled proliferation.*

On the other hand, Organometallic complexes offer enormous
scope for the design of anticancer candidates due to the large
diversity of structure, bonding modes and wide range of ligand

Abbreviations: NSCLC, Non-small cell lung cancer; CDKs, cyclin-dependent
kinases; BNCT, boron neutron capture therapy; PCNA, proliferating cell nuclear
antigen.
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substitution rates that are unique to them.>® In particular, the
bioinorganic chemistry of metallocenes and half-sandwich metal
complexes (e.g. Ry, Os, Ir) is an excellent example to demonstrate
the considerable achievements of metal-based chemotherapy.5~°
However, there are very few reported studies on the biological
activity of half-sandwich cobalt and rhodium complexes.'® Mean-
while, carborane derivatives''"'® and N-Sulfonamides'*'> have
been utilized extensively in boron neutron capture therapy (BNCT)
and medicinal chemistry, respectively. But the conjugates between
N-sulfonamide and carborane together with transition metal com-
plex to design the chemotherapy agents are still never explored.

We are interested in exploring whether the combination of half-
sandwich cobalt and rhodium complexes with some potential
biologically active ligands would result in novel efficient chemo-
therapeutic agents against human diseases. In this contribution,
we synthesized two half-sandwich cobalt and rhodium complexes
Cp*CO(SZCZBu)H]0)(0H)[NH502(4-CH3)C5H4] (23) and Cp*Rh(52C2
B1oH10)[NSO,(4-CH3)CgHy4] (2b), containing carborane and N-Sul-
fonamide, and examined the in vitro cytotoxicity and induction of
apoptosis/cell cycle arrest by the half-sandwich cobalt and rhodium
complexes treatment against A549 and H460cells.

2. Results and discussion
2.1. Chemistry

To introduce the N-sulfonamide ligand into Cp*M(E,C,B10H10)
framework with the consideration of medicinal effect, here we
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investigated the reactions of Cp*M(S,C2B10H10) (M = Co, Rh) with
p-toluenesulfonyl azide (TsN3).

Treatment 1a with excess TsN3 at room temperature for 4 days
gave 2a in good yield (Scheme 1). Switching the reaction condition
into refluxing dichloromethane, the reaction time shortens within
20 h. The formation of 2a might undergo an intermediate IT, which
supported by its analog isolated in the reaction of CpCo[S,C,(COO-
Me),]with TsN3,'® and then nucleophilic addition with the traces of
H,0 presenting in ‘so-called’ dry system at Co—-N bond occurred to
give final product. Any efforts to isolate the intermediate IT just
lead to failure. However, the MS data of the mixture of reaction
solution strongly suggest the presence of the intermediate IT,
showing a strong peak at m/z=570.03, which is fitting the pro-
posed formulation well. The fact that we cannot isolate intermedi-
ate IT might be attributed to the impact of steric effects of Cp*
ligand.

The analogous reaction of 1b with TsN3; was performed at room
temperature for 24 h or in refluxing dichloromethane within 6 h.
After workup by chromatography, complex 2b was isolated in
~70% yield.

Both complexes 2a and 2b were characterized fully by NMR
spectroscopy ('H, ''B, 3C), mass spectrometry, elemental analy-
sis as well as X-ray crystallography. ORTEP representations of 2a
and 2b with selected bond distances and angles are shown in
Figure 1. For 2a, the molecular structure confirms the expected
three-legged piano-stool geometry with one hydroxyl and two
chelating sulfur atoms to complete the coordination sphere
about the metal. The Co-S bond lengths are 2.234 and 2.255 A,
slightly longer than those in complex 1a (Co-S, 2.145 and
2.106 A)."” All other distances and angles lie in the expected
range. The 'H NMR spectra show the Cp* Me and Phenyl at
6=1.51, 2.40 and 7.21-7.70 ppm, respectively, as well as the res-
onances at § = 1.69 and 7.82 ppm due to OH and NH groups. The
13C NMR spectra show the expected number of C-H and quater-
nary carbons and particularly the signals assigned to carborane
cage at 6=96.08 and 100.19 ppm. For 2b, the structure shows
an unique five-membered metallacyclic ring Rh-S-N-S-0 which
is generated by one p-toluenesulfonyl azide insertion Rh-S bond
with the loss of N,, followed by sulfone coordination to metal.
The distances of S3-N1(1.568(3) A) is 0.076 A shorter than S2-
N1(1.643(3) A) and the distances of S$3-01(1.479(3) A) is
0.045 A longer than S3-02(1.434(3) A). This phenomenon indi-
cates that N1-S3-01 is a conjugated 3*m system. NMR spectra
show the Cp*, Ts and carborane ligands in expected range.
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1a: M=Co
1b: M=Rh .

TsN5 = p-toluenesulfonyl azide
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2.2. Biological activity

To test the anticancer activities of the synthesized compounds,
we first analysed the effects of various concentrations of complexes
2a and 2b on the proliferation of the human NSCLC cell lines A549
and H460 by CCK-8 assay. In A549 cells the treatment with increas-
ing doses of 2a and 2b for 48 h caused a dose-dependent inhibition
of cell proliferation (Fig. 2A left), with ICsq values 0of 47.94 + 0.93 M
and 6.09 £ 1.28 puM, respectively. The proliferation of H460 cell line
(Fig. 2Aright) was also significantly reduced in a wide range of doses
of 2a and 2b. And the ICsy of 2a and 2b against H460 cells were
15.03 £0.70 uM and 1.71 = 0.03 uM, respectively. Since 2a and 2b
were such novel metal complexes, we compared the potency for
cytotoxic activity of these two compounds with cisplatin, a proto-
typical metal-based anticancer drug. Previous cytotoxicity studies
have been reported that ICsq values of cisplatin in A549 and H460
cells were at a range of 18-40 uM and 2.8-6 uM, respectively.'8-26
In contrast to cisplatin, 2b almost showed considerable enhanced
cytotoxicities against the two NSCLC cells. Moreover, the data exhib-
ited significant cytotoxic activities in the order of 2b > 2a, and we se-
lected 2b for further anticancer studies. Additionally, we observed
the morphological changes of 2b on A549 cells. After the cells were
treated with different concentrations of 2b for up to 48 h, the A549
cells reduced numbers, elongated, and dissociated in a dose-depen-
dent manner (Fig. 2B).Thus indicated significant cytotoxic effect of
2b in A549 cells. These results suggest that 2b may have potent
improved antiproliferative activity.

A549 cells were treated for 48 h with 2b under the ICsq value, and
then monitored for apoptosis and cell cycle progression related
parameters (Fig. 3). We performed a biparametric cytofluorimetric
analysis using Pl and Annexin-VFITC to characterize the mode of cell
death, which stain DNA and PS residues, respectively.?” After the
treatment with indicated concentrations of 2b (0, 2 and 5 M) for
48 h, A549 cells were labeled with the two dyes and washed, and
the resulting red (PI) and green (FITC) fluorescence was monitored
by flow cytometry. We observed the appearance of Annexin-V*/PI
~cells, indicative of apoptosis, as shown in the representative histo-
grams depicted inFigure 3A. Quantitatively, 2b treatment (<ICsp) did
not result in a significant induction of apoptotic cells after 48 h. As
we could not detect any induced apoptosis effect of 2b on A549 cells,
we next studied its possible effect on the cell cycle, according to pre-
vious cytotoxic effect. 2b treatment resulted in the accumulation of
cells in the GO/G1 phase, with a concomitant reduction in the pro-
portion of cells in the G2/M phase. A small decrease of cells in the
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Scheme 1. The synthesis of complexes 2a and 2b.
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Figure 1. Molecular structures of 2a and 2b with 30% displacement ellipsoids. H atoms are omitted for clarity. Selected bond lengths (A) and angles (°) for 2a: Co1-S1 = 2.2340(9),
Co1-S2 =2.2552(10), Co1-03 = 2.0136(16), S1-C1 = 1.775(3), S2-C2 = 1.826(2), S2-N1 = 1.645(2), C1-C2 = 1.664(4); S1-Co1-S2 = 94.11(3), S1-Co1-03 = 96.77(6), S2-Co1-
03 =89.46(7), Co1-S1-C1=106.11(9), Co1-S2-N1 =102.21(9), Co1-S2-C2 =105.65(11), N1-S2-C2 = 104.02(12), S1-C1-C2 =118.48(17), S2-C2-C1 =115.1(2). For 2b:
Rh1-S1=2.3520(15), Rh1-S2 = 2.3647(11), Rh1-01 = 2.184(2), S1-C1 = 1.775(4), S2-C2 = 1.817(5), S2-N1 = 1.643(3), S3-01 = 1.479(3), S3-02 = 1.434(3), S3-N1 = 1.568(3),
C1-C2 =1.662(7); S1-Rh1-S2 = 91.08(4), S1-Rh1-01 = 91.18(9), S2-Rh1-01 = 79.64(7),Rh1-S1-C1 = 106.18(18), Rh1-S2-C2 = 104.79(14), Rh1-S2-N1 = 106.63(11), N1-S2-
C2=104.01(16), 01-S3-N1 = 112.20(15), Rh1-01-S3 = 120.66(16), S2-N1-S3 = 118.57(19), S1-C1-C2 = 118.2(3), S2-C2-C1 = 118.4(2).

S phase was also observed (Fig. 3B and C). The accumulation in GO/
G1 cells was is concentration dependent. The characteristic hypo-
dipolid peak (subG1), indicating apoptotic cells, did not appear until
after 48 h of treatment (Fig. 3B), consistent with the apoptosis assay
described above. According to various work from other labs, we
compared the cell cycle profiles of cells subjected to 2b and cisplatin,
considering the similar micromolar range of cytotoxic activity for
the A549 lung carcinoma cell line.2-3° 2b treatment of the A549
cells caused arrest at the G1-S boundary, while the cells treated with
cisplatin maintained a significant increase in S phase or G2/M
phase3!

To understand further the mechanism of cell cycle arrest induc-
tion by 2b, we investigated the changes in the expression levels of
transcripts encoded by genes associated with cell cycle at the GO/
G1 phase, such as CCND1 and CCNE1, by real-time quantitative
PCR. Proliferating cell nuclear antigen (PCNA) is routinely used pro-
liferation marker, which fulfils the requirements of molecular tu-
mor markers to varying extents. A549 cells were treated with
10 uM 2b for 6 h and 12 h, respectively, and the mRNA expressions
of these three genes were markedly downregulated. The time-
dependent response for inhibition of CCND1, CCNE1 and PCNA is
shown in Figure 4. 2b down-regulated CCND1, CCNE1 and PCNA
mRNA significantly, indicating that 2b could attenuate these gene
expression at the transcriptional level. Expressions of cyclin D1
(CCND1), cyclin E1 (CCNE1) and PCNA were also investigated in
the control and treated tumors by western blot analysis. As shown
in Figure 5, we found that induction of the GO/G1 phase arrest was
associated with the appreciable decreased expression of cyclin
D1land cyclin E1, which have key roles in regulating the entry of
cells at the G1/S transition checkpoint, and followed apparent de-
crease of PCNA in A549 cells, which is consistent with the previous
cytotoxic assay.

Poor clinical survival rate has prompted the need for new ther-
apeutic strategies for treatment of lung cancer. Currently the possi-
bility to extend the BNCT technique to diffuse lung tumors is under
investigation: complexes 2a and 2b were evaluated the potential in
antitumor activity in vitro against NSCLC cells, and selected 2b to
elucidate mechanisms that contribute to the antitumor responses.
This is the first study that demonstrated 2b treatment against lung
cancer. We have selected fast growing H460 and slow growing

A549 cells to assess the antiproliferation effects of 2a and 2b.
CCK-8 analysis showed that 2b had stronger cytotoxicity in H460
and A549 NSCLC cells with ICsq value far less than 10 micromoles,
and morphological changes were observed. To study the mecha-
nism involved in the potent cytotoxicity of 2b, we evaluated the
induction of apoptosis and cell cycle progression in A549 cells after
treatment for 48 h. Results indicated that no significant increasing
trend in the apoptotic cell population can be observed for 48 h after
2b, whilst cells are found to temporarily accumulate in the GO/G1
phase of the cell cycle. Many proteins are involved in this process
and regulate accurate transition of the cell through subsequent
phases of the cell cycle: G1, where cells grow in size, assess their
metabolic status and prepare for division; S, where genome dupli-
cation occurs; G2, where cells check for completion of DNA replica-
tion and get ready to divide; and M, where mitosis takes place.
Thus, we next focus on the key regulators on GO/G1 cell cycle arrest.

Our study has also revealed that high cyclin D1 and cyclin E1
expressions are significantly downregulated both at transcription
and translation levels in A549 cells, suggesting the important roles
of cyclin D1 and cyclin E1 in 2b induced cell cycle arrest progres-
sion. Cyclin D1 serves as the regulatory subunit of CDK 4 and 6
and exhibits the ability to bind and sequester the CDK inhibitor
p27.3233 Together, these functions facilitate cyclin-dependent ki-
nase-mediated phosphorylating and inactivate the retinoblastoma
protein and promote progression through the G1-S phase of the
cell cycle. Moreover, cyclin D1 may regulate gene transcription
through physical associations with a plethora of transcriptional
factors, coactivators, and corepressors that govern histone acetyla-
tion and chromatin remodeling proteins.3?> Suppression of cyclin
D1 expression has been shown to block tumorigenesis or to reverse
the transformed phenotype of lung cancers in mice.>* Cyclin E1 is
also known as a positive regulator of G1-S transition, DNA replica-
tion and S-phase progression.>>3® Cyclin E1-CDK2 complex phos-
phorylates and inactivates retinoblastoma protein, leading to the
release of E2F, which in turn promotes S-phase entry. Cyclin E1
also has a critical role in the binding of MCM proteins to replication
origins and in centrosome duplication. Additionally, high cyclin E1
expression promotes genetic instability and aneuploidy,>”*® con-
tributing to tumor progression by increasing genetic diversity
among tumor cells.?® In this study, we have identified the novel



4696 H. Dou et al./Bioorg. Med. Chem. 20 (2012) 4693-4700

(A)

8

- 23
- 2b

P
g 8

&

Viability(% of Control)
[*) £+2)
brad bed

v T T T

T T T 1
0 20 40 60 80 100 120 140
Concentration(pM)

( B) Control

120

= -+ 2a

£ 100 - 2

5

8 8o

L

© 60

3

= 40

g 20

= - : |
cl T T T T T T 1
0 20 40 60 80 100 120 140

Concentration (uM)

2 M

10 uM

Figure 2. (A) Antiproliferation effect of 2a and 2b in A549 (Left) and H460 (Right) lung cancer cells. Cells were plated and incubated with indicated concentrations of 2a and
2b (0, 4, 8, 16, 32, 64 and 128 uM), after 48 h of incubation the viable cells were measured by CCK-8 assay. Data represent the means + SEM of triplicate experiments. (B)
Morphological changes of A549 after treatment with 2b for 48 h. A549 cells were treated with vehicle (DMSO) or 2-10 uM 2b for 48 h. Images under visible light were
observed at 40x magnification. The results are representative of three independent experiments.

roles of cyclin D1 and cyclin E1 in the 2b-induced GO/G1 cell arrest
of NSCLC cells, together with the validation of PCNA (the prolifer-
ation marker).

3. Conclusions

In summary, two new organometallic complexes 2a and 2b con-
taining both N-sulfonamide and carborane skeleton have been syn-
thesized from the reactions of 16e complexes 1a and 1b with p-
toluenesulfonyl azide, respectively. Both complexes 2a and 2b
inhibited the growth of the human NSCLC cell lines A549 and
H460, but 2b demonstrated more effective than 2a. Furthermore,
the growth inhibitory effect of 2b could be associated to alterations
in the cell cycle profile of A549 cells without an significant induc-
tion of cellular apoptosis. Both down regulating mRNA and protein
levels of CCND1, CCNE1 and PCNA, which were known to control
GO/G1 phase of the cell cycle, validated the mechanism of 2b at
least in part. These findings provided a molecular basis for the

pharmacological exploitation of 2b to develop a novel class of orga-
nometallic complex containing N-sulfonamide and carborane
skeleton for lung cancer therapy.

4. Experimental
4.1. Chemistry

4.1.1. General procedures

The starting material 1a*®, 1b*° and p-toluenesulfonyl azide*'
were prepared according to literature. All reactions were carried
out under argon using standard Schlenk techniques, unless other-
wise stated. All solvents were dried and deoxygenated prior to use.
Diethyl ether, tetrahydrofuran, and petroleum ether were refluxed
and distilled over sodium/benzophenone under nitrogen. CH,Cl,
was distilled over CaH, under nitrogen. The NMR measurements
were performed on a Bruker DRX 500 spectrometer. Chemical shifts
were given with respect to CHCl;/CDCl; (8 'H=7.27 ppm; 6
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Figure 3. Effects on cell death and cell cycle of 2b. A to C, A549 cells were treated with vehicle DMSO(Control), 2 uM or 5 uM 2b for 48 h followed by cytofluorometric
analysis of apoptosis-associated parameters (A) and DNA content (B and C). (A) The proportion of apoptosis cells (Annexin V-FITC*/PI~) were analyzed. (B) Representative cell
cycle distributions of control versus 2b-treated cells. (C) Cell populations in different phases were analyzed. Data points are mean values * standard deviations of three

separate experiments (**P <0.01 and ***P <0.001, compared with control cells).

13C=77.0 ppm)and external Et,0-BF5 (5 ''B = 0 ppm). The IR spectra
were recorded on a Bruker Vector 22 spectrophotometer with KBr
pellets in the region 0of 4000-400 cm . The C, H and N microanalyses
were carried out with an Elementar Vario EL Il elemental analyzer.
Mass data were determined with the LCQ (ESI-MS, Thermo Finnigan)
mass spectrometer.

4.1.2. Preparation of 2a and 2b

Complex 1a (81.0 mg, 0.2 mmol) or 1b (89.0 mg, 0.2 mmol) was
treated with p-toluenesulfonyl azide (197.3 mg, 1.0 mmol) at room
temperature or under reflux in dichloromethane (20 mL) under a

stream of Ar. The solvent was then removed under reduced pres-
sure, and the residue obtained was dissolved in the minimum
amount of dichloromethane for flash chromatographic separation
on silica gel in a gradient eluting manner (petroleum ether/dichlo-
romethane, 1:1, 1:5 and then dichloromethane/ethyl ether, 20:1)
to give 2a or 2b.

2a (100.6 mg, 85.6%): green solid; '"H NMR (CDCls, ppm): 7.83
(s, 1H, NH), 7.70 (d, J=5.0 Hz, 2H, ArH), 7.21 (d, J=5.0 Hz, 2H,
ArH), 2.40 (s, 3H, CHs), 1.67 (s, 1H, OH), 1.51 (s, 15H, Cp*);
1B{TH} NMR (CDCl;, ppm): —2.1 (4B), —5.0 (2B), —6.4 (3B), —8.7
(1B); '*C NMR (CDCls, ppm): 10.10 (CHs, Cp*), 21.48 (CH5), 95.88
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Figure 4. Effect of 2b on the expression of cell cycle-related genes. Expression
levels of CCND1, CCNE1 and PCNA mRNA were determined by real-time quantitative
PCR and expressed as relative fold expression to control. Data are shown as
mean + SEM of three independent experiments (**P <0.01 and ***P <0.001,
compared with control cells).

(C, Cp*), 96.08 (carborane), 100.19 (carborane), 126.33 (CH, Ph),
127.81 (C, Ph), 129.01 (CH, Ph), 142.48 (C, Ph); ESI-MS (m/z):
571.08 (45%) [M—H,0+H]", 590.11 (100%) [M+H]*; elemental anal-
ysis calcd (%) for C;gH34B190NO3S3Co: C 38.83, H 5.83, N 2.38; found:
C 39.06, H 5.71, N 2.17; IR (KBr, cm™!): 25782 cm™! (vg_p).

2b (110.4 mg, 70.5%): yellowish red solid; 'H NMR (CDCls,
ppm): 7.85 (d, J=7.5Hz, 2H, ArH), 7.28 (d, J = 7.5 Hz, 2H, ArH),
2.43 (s, 3H, CH3), 1.79 (s, 15H, Cp*); "B{'H} NMR (CDCls, ppm):
—2.4 (4B), —5.9 (6B); 3C NMR (CDCl;, ppm): 9.67 (CH5, Cp*),
21.51 (CH3), 99.36 (carborane), 126.92 (C, Cp*), 129.19 (4 x CH,
Ph), 129.68 (C, Ph), 142.87 (C, Ph); ESI-MS (m/z): 615.17 (40%)
[M+H]*, 1249.83 (100%) [2M+Na]"; elemental analysis calcd (%)
for C19H32B10N0253Rh: C37.19, H 5.26, N 2.28; found: C 3733, H
5.09, N 2.11; IR (KBr, cm™'): 2569.5 cm™! (vg_p).

4.1.3. X-ray crystal structure determinations

Crystals suitable for X-ray analysis were obtained by slow evap-
oration of a solution in petroleum ether/dichloromethane. Diffrac-
tion data were collected on a Bruker SMART Apex II CCD
diffractometer by means of graphitemonochromated Mo Ko
(7.=0.71073 A) radiation at room temperature. The structures were
solved by direct methods with the SHELXS-97 program*? and were
refined on F> with SHELXTL (version 6.14).** All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were included
in calculated positions and were refined using a riding model.

CCDC 875825 and 875826 for the complexes 2a and 2b contain
the supplementary crystallographic data for this paper. These data

H. Dou et al./Bioorg. Med. Chem. 20 (2012) 4693-4700

can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

4.2. Biological activity

4.2.1. Reagents

Dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Cell counting kit-8 (CCK-8) was purchased
from DojinDo Laboratories (Kyushu, Japan). Annexin-V FITC and
PI reagents were obtained from eBioscience (San Diego, CA, USA).
All electrophoresis chemicals were purchased from Bio-Rad Labs
(Hercules, CA, USA). Antibodies against cyclin D1, cycling E1 and
PCNA were purchased from Epitomics Inc. (Burlingame, CA, USA).
Antibody to GAPDH and secondary HRP were purchased from Cell
Signaling Technology (Beverly, MA, USA). F-12 K Nutrient Mixture
Kaighn’s Modification (1X) liquid, RPMI 1640 medium and fetal bo-
vine serum (FBS) were purchased from Gibco Inc. (Grand Island,
NY, USA). The human non-small cell lung cancer cell lines A549
and H460 were purchased from the China Cell Bank of SIBS (Shang-
hai, China). A549 and H460 cells were cultured in F12K and RPMI
1640 medium, respectively, containing 10% heat-inactivated FBS
at 37 °C in a humidified atmosphere of 5% CO,.

4.2.2. In vitro cytotoxicity studies

The cytotoxicity of complexes 2a and 2b was evaluated using
the CCK-8. In brief, 4 x 103 cells (A549 or H460) per well were pla-
ted in a 96-well plate and incubated at 37 °C for 18 h. Cells were
then treated with the indicated concentrations of complexes 2a
and 2b, respectively. The plates were incubated at 37 °C for an
additional 48 h. Ten microliter of the CCK-8 solution (contains
WST-8  [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2Htetrazolium, monosodium salt]) was added to
each well, and cells were incubated for 2 h. The absorbance was
measured using microplate reader (Synergy HT, Bio-Tek) at 450/
650 nm as measure reference wavelength, respectively. The aver-
age optical density formed in control cells was taken as 100% via-
bility, and the results of treatments were expressed as a percentage
of the control. ICso was calculated according to the Log it method.

4.2.3. Detection of apoptosis using Annexin V and PI staining
Cells treated with 2b for 48 h were harvested by trypsinization,
washed twice with ice-cold PBS, then double-stained by Annexin-V
FITC and PI according to the instruction of the reagent (eBioscience,
SanDiego, CA). The cells in apoptosis were determined by Flow
cytometry (FACScan, Becton Dickinson, USA). Cells stained with
FITC-Annexin V alone (Annexin V*/PI") were considered in early
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Figure 5. Effects of 2b on the expression of proteins related to cell cycle progression in A549 human lung cancer cells. Cells were exposed to various concentrations of 2b for
24 h. The expression levels of cyclin D1, cyclin E1, PCNA and GAPDH were evaluated by Western blot analysis. One of three experiments is presented.
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apoptosis, whereas those stained with both FITC-Annexin V and PI
(Annexin V*/PI") were considered in the advanced stages of apop-
tosis or necrosis. The FITC-Annexin V and PI double-negative (An-
nexin V~/PI™) cells were considered alive.

4.2 4. PI staining assay for evaluation of cell cycle distribution

Cell cycle distributions were determined in triplicate using cells
grown in 6-well plates (Costar, Cambridge, MA). Cell growth was
synchronized in 0.5% FBS medium for 24 h, followed by incubation
with different concentrations of 2b in 10% FBS medium for an addi-
tional 48 h. Cells were harvested by trypsinization, then washed
twice with ice-cold PBS and fixed by 70% ethanol at 4 °C for at least
2 h. Cells were further washed twice with icecold PBS and stained
with 50 pg/ml of PI in the presence of 50 pg/ml RNase A for 30 min
at 37 °C. Cell cycle distribution was analyzed by using FACS Calibur
(Becton & Dickinson, USA). At least 10,000 cells per sample were
collected and analyzed by using the ModFit software.

4.2.5. RNA extraction and real-time quantitative PCR

Total RNA was isolated from 1 x 10 cells treated with 2b at
indicated concentrations and untreated A549 cells by Trizol meth-
od. The RNA quantitation was done spectrophotometrically at
260 nm. The integrity and purity of the RNA samples were checked
by agarose gel electrophoresis.mRNA levels were measured by
real-time quantitative PCR after reverse transcription of RNA. The
first-strand cDNA was synthesized from 1 pg total RNA by using
oligo dT primers and M-MLYV reverse transcriptase in a total reac-
tion volume of 20 pl. The CCND1, CCNE1, PCNA and B-actin mRNA
levels were measured using TagMan® primers designed using
Universal Probe Library Assay Design Center with StepOnePlus™
Real-Time PCR Systems (Applied Biosystems, Foster City, CA,
USA).** The sequences of the primers are shown in Table 1. PCR
reactions were carried out in according to the TagMan® Master
mix PCR kit instructions. The relative expression levels of the target
gene were normalized to a house-keeping gene, B-actin, and de-
rived the fold change compared with control, unstimulated cells.

4.2.6. Western blotting

Cells were rinsed twice with ice-cold PBS, and solubilized in ly-
sis buffer containing 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM
EDTA, 1% (m/v) NP-40, 0.2 mM PMSF, 0.1 mM NaF and 1.0 mM DTT
for 30 min on ice. Lysates were centrifuged (15,000 rpm) at 4 °C for
10 min. Protein concentrations were measured using a Bradford as-
say kit. Equal amounts of the soluble protein were denatured in
SDS, electrophoresed on a 10% SDS-polyacrylamide gel, and trans-
ferred to PVDF membranes. The PVDF membranes were then
blocked for non-specific binding in blocking buffer (5% bovine ser-
um albumin (BSA) in TBST) for 1 h and then washed with TBST 5
times. Subsequently, the membranes were incubated with anti-
bodies at 1:1000 dilutions in antibody dilution buffer (5% BSA in
TBST) with gentle shaking at 4 °C overnight and then washed with
TBST. After washing, the membranes were exposed to HRP-conju-
gated secondary antibody at 1:3000 dilutions in antibody dilution
buffer for 1 h at the room temperature and then washed again.
After six washes with TBST, protein bands were visualized with en-
hanced chemiluminescence (ECL) Western blotting detection
reagents. The ECL image was recorded using the FluorChem Xplor
(Alpha Innotech, USA), and the optical density of an equal surface
area for each band was determined using Image ] software. All
blots were stripped and reprobed with polyclonal anti-GAPDH
antibody to as certain equal loading of proteins.

4.2.7. Statistical analysis

One-way ANOVA followed by Tukey’s Multiple Comparison
Testwas performed to determine the statistical significance of dif-
ferences among groups using GraphPad PRISM version 5.0 software

Table 1
Primers used for real-time quantitative PCR studies in A549 cells

Primer Sequence Universal probe number

CCND1 Left-gaagatcgtcgccacctg #67
Right-gacctcctcctegeacttct

CCNE1 Left-ggccaaaatcgacaggac #36
Right-gggtctgcacagactgcat

PCNA Left-tggagaacttggaaatggaaa #69
Right-gaactggttcattcatctctatgg

B-actin Left-ccaaccgcgagaagatga #64

Right-ccagaggcgtacagggatag

(SanDiego, CA). Differences were considered statistically signifi-
cant in all experiments at P <0.05. Data are expressed as mean * -
S.E.M. Each experiment was repeated at least three times, and
each data point represents the mean of at least three parallel
samples.
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