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Introduction

Despite advances in cancer treatment in the past 2
decades, the prognosis of lung cancer patients hasimproved
minimally. Lung cancer istheleading cancer killer in both
men and women. Therewas an estimated 171900 new cases
of lung cancer and an estimated 157 200 deaths from lung
cancer in the Unite Statesin 2003™". There are 2 types of
lung cancer cells, small cell lung cancer and non-small cell
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Abstract

Aim: The cytotoxic activities of a series of bis-aziridinylnaphthoguinone, AZ1 to
AZA4, on human lung carcinomacell lines, H460, and normal lung cdlsfibroblast
cell line, MRC-5, and the mechanisms of H460 cells induced by AZ4 were
investigated. Methods: The MTT assay was used to determine the cell
proliferation. Cell cyclewasanalysed by FACS. The activity of caspase 3, 8 and 9
was determined by cell-permeable fluorogenic detection system. Western bl ot
assay was used to eval uate theregulation of cydin B, Cdc-2, p53, p21, and the Bdl-
2 protein. Results: AZ1 to AZ4 displayed various cytotoxicity activities against
H460 and MRC-5 cells. Compared to those compounds, AZ4 was with the most
effective agent among the 5 tested analogues at reducing H460 cdll viability with an
ICy, valueof 1.23 umal/L ; it also exhibited wesk cytotoxicity against MRC-5 cdllswith
an1Cyvaueadf 12.7 ymad/L. Theresults show that growth arrest on the G,-M phase
of H460 cellsinduced by AZ4 for 24 h was discovered, and this might be altered
with the reduced Cdc-2 protein expression of 47% at 2.0 umol/L AZ4, but not with
cyclin B protein expression. TheAZ4 treated cellswere then led to apoptosi s after
48 h. Thiswas associated with the activation of apoptotic enzyme caspase 3 and
mediated by caspase 8, but not caspase 9 at various concentrations of AZ4 after
being cultured for 48 h and 30 h, respectively. The anti-apoptatic protein (Bd-2)
expression in H460 cells atered by 39% with downregulation, and the p53 protein
by 25% with upregulation after being cultured with 2.0 umol/L AZ4 for 48 h. Ina
time-dependent wanrer, the expression of the p53 and p21 proteinswereincreased
tothemaximum at 24 h, and then decreased at 48. Conclusion: AZ4 representsa
novel antitumor aziridinyl naphthoguinone with therapeutic potential against the
non-small cell lung cancer cells.

lung cancer. Non-small cdll lung cancer (NSCLC) heteroge-
neously aggregates at least 3 distinct histological lung
cancers, including epidermoid or sguamous carcinoma,
adenocarcinoma, and large cell carcinoma. NSCLC isthe
most common histological cell type of al lung cancers, and
there is no curative treatment available for the advanced
stages of these diseases. Although chemotherapy is an esta-
blished treatment for advance NSCLC, it offersonly alimited
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survival benefit at the expense of substantial toxicity, drug
resigance, and poor target specificity. Thus, thereisaneed
for innovative strategies that effectively treat patients and
exhibit morefavorable safety profilesin advanced NSCLC.

Theideal bioreductive drug should be administered as
an inactive prodrug that is only activated under |ow-oxygen
conditions by 1 or 2 eectron reductases®®. Aziridine-sub-
stituted benzoquinone, such as mitomycin C, RH1, and
tirapazamine (TPZ), are3 principal aziridinyl quinonedasses
of hypoxia-specific cytotoxins that are being devel oped for
clinical usé*™. In the case of di-aziridinyl-substituted
quinone, thishighly cytotoxic, bifunctional, alkylating agent
can cross-link DNA in cellswhich resultsin inducing com-
plicated cellular mechanisms leading to cell death by
apoptosis such as TPZ and CI-1010 or necrosis®?.

Tumor tissue had lower oxidative reduction (redox) po-
tential relative to most normal tissues which could increase
the reductive activation of these quinone derivativesin tu-
mors?. Therefore, the selectivity of bioreductive drugs is
governed not only by the differencein oxygen tension be-
tween tumors and normal tissues, but also by levels of en-
zymes catalyzing bioreductive activation such as DT-dia-
phorasd®®*, Thisfact led to the 1990 publication of the
concept of “enzyme-directed bioreductive devel opment” by
Workman and Walton™,

In this study, one of these bis-aziridinylnaphthogquinone
analogues, designated as AZ4 (Figure 1) was found to in-
hibit NSCLC cel growth invitro. Themechanism of AZ4to
the NSCLC cell H460 was investigated, including cell cycle
arrest and apoptosis.
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Figure 1. Chemical structures of AZ1 to AZ4.

Materials and methods

Synthesisof AZ1toAZ4 AZ1to AZ4 wereprepared by
following our previously published methods™. Stock solu-
tions(10 mmoal/L) werefreshly preparedin DMSO (Sigma, &
Louis, MO, USA) and the series was diluted and directly
added into the cultured celsfrom 20 pmol/L to 0.2 pmol/L.

Cell culture Thecdl line H460 (human NSCLC) was
cultured in RPM1-1640 medium with 10% fetal bovine serum
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(FBS), 2mmal/L L-glutamine, 25 mmol/L hydroxyethyl-1-pip-
erazine-ethanesulfonic acid (HEPES). Thenormal cell MRC-
5 (human fetal lung fibroblast cell line) was cultured in
Dulbecco’ smodified eagl€ smedium (DM EM) with 10% FBS,
2mmoal/L L-glutamine, and miminal essential medium (MEM)
non-essential aminoacid. The call culture medium for those
two cell lines all contained penicillin-streptomycin and
fungizone. All themedium and supplementswere purchased
from Gibco Laboratories (Grand Idand, NY, USA). All of the
cellswere incubated in a humidified atmosphere of 5% CO,
at 37 °C. Theamount of cellswas counted after trypsiniza-
tion by a Neubauer hemocytometer (VWR, Scientific Corp,
Philadelphia, PA, USA).

Cytotoxicity assay (MTT assay) The MTT assay was
according to the method of Skehan et al™. Two cell lines
were seeded in 96-well flat-bottomed microtiter plates (3000~
5000 cells/well), respectively. The cells were incubated for
24 hwith drugs, applied asseria 1:2 dilutions (100 pL/well)
ranging from 20 umoal/L down to 0.2 pmol/L or 0.1% DMSO
ascontrol. Twenty microlitersof MTT (5 mg/mL) was added
to each well and incubated for 4 h at 37 °C. The formazan
product was dissolved by adding 100 uL DM SO to each
well, and the plates wereread at 550 nm. All measurements
wereperformed in triplicate and each experiment wasrepeated
atleast 3times. Thel C,, wascal cul ated from the 50% formazan
formation compared with the control without the addition of
drugs.

Cell cycle analysis The H460 cellswere serum starved
without FBS overnight to synchronize cell phase, then the
cellswere treated with various concentrations of AZ4 for 24 h.
The cellswere harvested and incubated with hypotonic stain-
ing buffer [0.1% sodium citrate, 0.3% triton X-100, 0.01%
propidiumiodide (PI), and 0.01% ribonuclease A] for 15 min
oniceinthedark. The DNA content was measured by a
Becton Dickinson FACScan using Cdl Quest software and
analyzed using EXPO 32 and Multi Cycle software (Beckman
Coulter, High Wycombe, UK).

Micr oscopy image of cagpase 3, 8, and 9activity in H460
cells The method was according the report of Komoriya et
al™ with minor modifications. Briefly, the H460 cells were
incubated with fluorogenic caspase substrates (Phi PhhiL ux-
G1D2, Caspalux 8-L1D2, and Caspal_ux 9-M1D2, Oncolm-
munin|nc, Gaithersburg, MD, USA), GDEVDGI, IETDGI, and
LEHDGI at 10 umol/L respectively, while suspendedin RPMI -
1640 plus 10% FBS, 10 mmol/L HEPES, and variousconcen-
trationsof AZ4 for 24 h, 30 h(for caspases 8 and 9 only), and
48 h incubation. Substrates were present at 10 pmol/L
throughout the course of the induction and imaging. The
cellswere viewed on a Nikon fluorescence microscope sys-
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tem (Tokyo, Japan). Samples were excited using a 488/518
nm krypton/argon laser, and fluorescent images were
acquired. The brightness/contrast settings were adjusted
so that the fluorescent signal of cells without AZ4 was near
the background. Asthe fluorogenic caspase substrates are
cleaved in apoptotic cells, cellular fluorescence shifts from
bel ow to above the fluorescence of the bulk solution in the
sameplane.

Western blot analysisof cyclin B, Cdc-2, p53, p21, and
the Bcl-2 protein The method used was that of Bacuset al
and dightly modified®. Briefly, the cells were collected
from a 100 mm cultured dish after being challenged by vari-
ous concentrations of the AZ4 compound at 24 and 48 h,
respectively. The cell pellets were spun down by centrifu-
gation at 1000xg for 20min. Thepelletswereresuspendedin
cold buffer (10 mmol/L HEPES, pH 7.9), 1.5mmal/L MgCl,, 10
mmol/L KCl, 0.5 mmol/L diethiotreitol (DTT), 0.5 mmol/L
phenylmethyl sulfonyl fluoride, Lmmad/L benzamidine, 30 mg/mL
leupeptin, 5 mg/mL apratinin, and 5 mg/mL pepstatin A, and
incubated on ice for 5 min. The cellswere broken down by
lysis buffer and asonicator. Cell lysates (25 pg) was sepa-
rated by 129% SDS-PAGE and transferred onto polyvinylidene
difluoride membranes (Amersham, Buckingshamshire, UK).
The blots were incubated with blocking buffer (11 mmol/L
TrisvasepH7.4,154mmoal/L NaCl, and 5% skimmilk), washed
with washing buffer (11 mmol/L Tris-vasepH 7.4, 154 mmol/L
NaCl, and 0.1% Tween-20), and incubated with specific anti-
bodies against specific proteins cyclin B, Cdc-2, p53, p21,
and Bcl-2. Each membrane was blocked in blocking buffer
prior to incubation with antibodies. The primary antibody
against cydin B, Cdc-2, p53, p21, and Bd-2, al belong tothe
mouse antihuman monoclonal antibody (Imgenex Co, San
Diego, CA, USA). The secondary antibody (Jackson Immuno
Research Lab Inc, West Grove, PA, USA) conjugated with
horseradish peroxidase was added at an appropriatedilution
by blocking buffer. Thedilution factorsfor the primary anti-
bodies were 1:500-1:1000 depending on the amount of
proteins, and the dilution factors for the secondary antibod-
ieswere 1:2000. The primary B-actin antibody used was a
mouse monoclonal antibody with the dilution factor of 1:10
000 (Biogenesis, England, UK). Immunodetec-tion was car-
ried out using the enhanced chemiluminescence (NEN,
Boston, MA, USA) detection system. To quantify the
amount of protein expression achieved, we measured the
intensity of chemiluminescence of the second antibody
using adensitometer (BioRad Gel Doc 2000 software) and
anayzed usng Gd Doc ( Hercules, CA, USA). Thevaluesin
the relative protein interested expression-quantifying table
represent the relative amount of protein expression in

respect to -actin expression divided by its control.

Results

Cytotoxic activity evaluation Thechemica structuresof
AZ1toAZ4 areshownin Figurel. Thechemical sructure of
AZ1 to AZ4 was composed of 2 aziridinylnaphthoquinones
bridging by ethylene glycol units. AZ1 had the shortest
ethylene glycal units; in retrospect, AZ4 contained the 4
ethylene glycol units. The cytotoxic activities of AZ1 to
AZ4 against NSCLC H460 cells were eval uated; the human
fetal lung fibroblast cell line (MRC5) was used as anormal
cell control, and their ICy, valuesarelisted in Table 1. The
bis-aziridinyl naphthoquinone AZ1 to AZ4 were effective cy-
totoxic agents against H460 cells with |Cy, values ranging
from 1.23to 7.21 ymol/L. Thenormal lung fibroblast cells
MRC-5were lesssensitiveto AZ1 to AZ4 with | Cy, val ues of
2.8t012.7 ymoal/L, respectively. The corrd ation between the
cytotoxic activities and the linker distance between 2
aziridinylnaphthoquinone moieties agai nst H460 cells was
directly in proportion, but not with the MRC-5 cdlls. Initial
characterization indicated that AZ4 was the most effective
compound at inhibiting the growth of H460 cells and was
less effectivewith MRCS cdlls.

Table 1. Cytotoxicity of H460 and MRC-5 cell lines induced by AZ1
to AZ4 analyzed by MTT assay and expressed as | C5, (umol/L). n=4.
mean+SD.

AZ1 AZ2 AZ3 AZ4
H460 7.21+0.15 2.10+£0.11 1.87+0.02 1.23+0.12
MRC-5  10.22+0.23 2.82+0.13 3.02+0.16 12.71+0.18

Induction of the G,-M cell cyclearrest and theeffectson
the expression of cell cycle-related proteinsin H460 cells
treated with AZ4 An analysis of DNA content was used to
determine whether cdll arrest wasinduced by AZ4. A DNA
content analysis by a flow cytometer indicated that H460
cellshad asgnificant population of cdl arrest in G,-M trested
withAZ4in 24 h compared with 0.1% DM SO aone (Figure?2).
The peak area under the G,-M phase started to ascend as
low as 0.5 pmol/L withAZ4. Thecdl cycle-related proteins
associated with mitatic, cydin B and Cdc-2, intheAZ4-treated
H460 cellsfor 24 h werealsoinvestigated (Figure 3, Table 2).
Theexpression pattern of cyclin B inthecellsremained basi -
cally unaltered with increased concentrations of AZ4
treatment; however, the expression pattern of Cdc-2 was
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Figure 2. G,M cell cycle arrest isinduced by AZ4. H460 cells were
synchronized and treated for 24 h culture with (A) 0.1% DMSO
control, (B) 0.25 pmol/L, (C) 0.50 pumol/L, or (D) 2.0 pmol/L AZ4
before Pl staining and analysis of DNA content. Cell cycle arrest in
G,-M is apparent by the large population of cells with increased DNA
content. The data shown were representative of 3 separate experi-
ments. FL2-H is the fluorescence intensity.
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Figure 3. AZ4 alters the expression of cell cycle proteins, cyclin B
and Cdc-2. The expression of cyclin B and Cdc-2 were assessed by
immunoblotting. The H460 cells treated with various concentrations
of AZ4 (lanes 1-4: 0, 0.25, 0.5, and 2 umol/L, respectively) for 24 h,
and cell lysate was prepared for analysis. The immunoblots shown
have been equilibrated for protein loading. The data shown were rep-
resentative of 3 separate experiments.

Table 2. Relative cyclin B and Cdc-2 protein expression quantitation.

Lane 1 Lane 2 Lane 3 Lane 4
Cyclin B 1.00 0.88 1.12 1.01
Cdc-2 1.00 0.81 0.64 0.53

decreased relativeto the contral in adose-dependent manner.
The expression of Cdc-2 decreased by 47% at 2.0 pmol/L
with AZ4. We proposed that the growth arrest on H460 cells
induced by AZ4 might be altered with reduced protein
expression of Cdc-2, but not cyclin B.
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AZA4trigger sH460 cell apoptosisvia caspase 3, 8, and
9-dependent routesand isassociated with altered expres-
sion of p53 and Bcl-2 proteins We investigated whether
apoptosis of H460 cells induced by AZ4 was mediated by
caspase 3, 8, and 9 activation for 48 and 30 h after treatment.
The activation of caspases 3, 8, and 9 was assessed by cdll
permeabl e fluorogenic caspase substrate, GDEVDGI,
IETDGI, and LEHDGI, respectively. The induction of
caspases 3, 8, and 9 would cleave the cell permeable to
fluorogenic substrate individually, and then releasethe green
fluorogenic substance. From thoseresults, therewasalarge
increase of the green peripheral clump as indicated by the
arrowsin Figures4 and 5. Theupstream enzyme of caspases
3 and 8 wereactivated in H460 celsinduced by AZ4, but not
incaspase 9 (data not shown). According to the visual
observa-tion, the green peripheral clump appeared aslow as
the concentration at 0.625 pmol/L AZ4 at 30 h when observ-
ing caspase 8 (Figure 4) and 48 h for caspase 3 (Figure 5).
However, enzyme activation of caspase 3 was not found to
be as high astreated with the 2 pmol/L AZ4 (datanot shown).

The apoptosis related proteins, tumor suppressor pro-
tein p53, and the anti-apoptotic protein Bel-2 are two impor-
tant components of the apoptotic pathway which act asregu-
lators of apoptosis. From the results of the Western blot,
AZ4 treatment altered both p53 and Bdl-2 expression in H460
cellsin adose-dependent manner after 48 hincubation (Figure
6, Table 3). The AZ4 induced overexpression of the p53
protein 25% more than the control when the H460 cdlswere
exposad to 2.0 umol/L AZ4. Itisof interest that Bel-2 protein
expression was strongly reduced by 39% compared with the
control when the H460 cells were treated with 2.0 pumol/L
AZ4. In thetime-dependent effect, the expression of p53
and p21 proteins were increased to a maximum at 24 h, and
then decreased at 48 h (Figure 7, Table 4).

Table 3. AZ4 alters the protein expression of p53 and Bcl-2.

Lane 1 Lane 2 Lane 3 Lane 4
p53 1.00 1.05 1.12 1.25
Bcl-2 1.00 0.96 0.75 0.61
Discussion

Bioreductive drugs such asAZQ, mitomycin C, RH1 and
TPZ, have been devel oped to exploit the oxygen deficiency
in the hypoxic fraction of solid tumors on the premise that
hypoxic cells should show a greater propensity for reduc-
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Figure 4. Caspase 8-mediated apoptosis is
induced by AZ4. H460 cells were treated
for 30 h with (A) 0.1% DM SO control, (B)
0.625 pmol/L, (C) 1.25 umol/L, or (D) 2.0
pumol/L AZ4 before being incubated with cell
permeable fluorogenic caspase substrate,
GDEVDGI. Activated caspase 8 showed
green peripheral clumps as indicated by the
arrows. The data shown are representative
of 3 separate experiments.

Figure 5. Caspase 3-mediated apoptosis
isinduced by AZ4. H460 cells were treated
for 48 h with (A) 0.1% DMSO control, (B)
0.625 pmol/L, (C) 1.25 pmol/L, or (D) 2.0
umol/L AZ4 before being incubated with
cell permeable fluorogenic caspase substrate,
GDEVDGI. Activated caspase 3 showed
green peripheral clumps as indicated by the
arrows. The data shown were representa-
tive of 3 separate experiments.

Table 4. AZ4 alters the protein expression of p53 and p21. tive metabolism than well-oxygenated cellS*>. Our pervi-
ous study on different series of bis-aziridinylnaphtho-
oh 4h 8h 12h  24h 48 h quinone compounds showed that these compounds exhibit

more potent responses toward the solid tumors than the
053 10 115 117 119 107 101 circulation tumors™. These results are supported by other
021 10 10 10 1.06 112 1.04 reportsindicating that there are differencesin the reductive
metabolism between the solid tumors and the circulation
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Figure 6. AZ4 alters the protein expression of p53 and Bcl-2. The
expression of p53 and Bcl-2 were assessed by immunoblotting. H460
cells treated with various concentrations of AZ4 (lanes 1-4: 0, 0.625,
1.25, and 2 pmol/L) for 48 h, and cell lysates were prepared for the
analysis. The immunoblots shown have been equilibrated for protein
loading. The data shown are representative of 3 separate experiments.
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Figure 7. AZ4 alters the protein expression of p53 and p21. Ex-
pression of p53 and p21 were assessed by immunoblotting. H460
cells were treated with 1.25 umol/L AZ4 for various timing (lanes 1—
6: 0, 4, 8, 12, 24, and 48 h). Cell lysates were prepared for the
analysis. The immunoblots shown have been equilibrated for protein
loading. The data shown are representative of 3 separate experiments.

tumors®. Considering theimportance of all the cellular re-
ductases (eg NADPH cytochrome P450 reductase, cyto-
chrome b5 reductase, NADP(H) oxidoreductase, NQO1) in
response to the whole cellular reductive metabolism; these
reductases are al so responsible for the bioactivation of AZ4.
Theresultsfrom Table 1 suggest that AZ4 isanovel class of
bis-aziridinyl naphthoguinoneand is cytotoxic agai nst H460
cdls.

As shown in Figure 2, the cell cycle arrest at the G,-M
phase was observed at 0.5 pmol/L AZ4. The G,-M phase-
arresting proteins of H460 cellsinduced by AZ4 was related
with the reduced expression of the Cdc-2 protein, but not
cyclin B (Figure3).

Apoptosis plays an important rolein theremoval of ab-
errant cellsthat might otherwise cause the devel opment of
tumors™”*®, Normally, the processof cell reproductionisan
ordered process known as cell cycle. Thetumor suppressor
gene p53isamultifunctional protein mainly responsiblefor
maintaining genomic integrity, and is the most frequently
mutated gene in human tumors™. In response to DNA
damage, aberrant growth signals or the chemotherapeutic
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drug p53isstabilized and induces apoptosis and/or cel cyce
arrest’®?, Therefore, p53 is atumor suppressor gene with
key regulator effects on both cell cycle and apoptosis. p53
also exertsits control on apoptosis by interacting with other
important apoptotic molecules, such as members of the Bcl-2
family@,

The protein from the Bcl-2 genefamily, which isan anti-
apoptotic associated protein, plays an important rolein the
regulation of apoptosis®. In the apoptotic pathway, some
drugs will activate the cysteine protease family, such as
caspases which specifically cleave their substrates after
agpartic acid, then activate or inactivatether cdlular protein
targets by a process of limited proteolysis. The caspases
play central roles in the execution of apoptosis®2". Pro-
apoptotic therapeutic strategies require, in turn, the exact
knowledge of the very specific downstream pathway of
apoptosis and of each single step in the targeted cell. In
somecells, thesignaling cascade is mediated by the caspases.
Several proteins are known to regulate or interfere with this
step of apoptosis, that is, proteins of the Bel protein family,
acting either anti-apoptotically (Bcl-2, Bcl-x etc) or pro-
apoptatically (bax, bid etc)®, and the pro-apoptotical ly-act-
ing transcription factor p53.

Theantitumor mechanism of AZ4tolung cancer cell H460
was mediated with cell cycle arrest and the apoptosis
pathway. According totheresultsshown in Figures2 and 3,
the cytotoxic activity of H460 cells induced by AZ4 was
associated with G,-M phase arrest at 24 h. Then, the H460
cdls geered into the apoptotic pathway after prolonged treat-
ment with AZ4 for 48 h. We observed significant apoptosis
phenomena in H460 cells associated with the activation of
caspase 3 which mediated the caspase 8 enzymes, but not
caspase 9, the upregula-tion of p53 protein, and Bcl-2 down
regulation by various concentrations of AZ4 (Figures 4-6).
Bcl-2 was inactivated and made the G,-M cells of H460
induced by AZ4 more susceptible to apoptosiswhich is sup-
ported by Yamamoto et al who proposed that stressresponse
kinases phosphorylate Bcl-2 during cell cycle progression
asanormal physdogical processtoinactivate Bd-2 at the phase
of G,-M®™. To observe the timing relationship of protein
expression from cell cycle arrest to apoptosis, the time-
dependent effect (Figure 7), the expression of p53 and p21
proteins were increased to the maximum at 24 h, then
decreased at 48 h. p21 isamember of the Cip/Kip family of
proteins, which promote cell cycle arrest by binding to and
inhibiting cyclin-dependent kinases. The latter, when
coupled with specific cyclins, facilitates the orderly proces-
sion of the cell cycle. p21 isalso tightly regulated at the
transcriptional level by p53 and probably serves as the
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effector of the p53 cdll cycle contral™. Thisisin agreement
with the above results, which support cell cycle arrest at
24 h, then apoptosis at 48 h.

In conclusion, AZ4 displayed selective cytotoxic activ-
ity against H460 cells and low cytotoxic activity when cul-
tured with non-neopl astic human adherent lung fibroblasts.
The cytotoxic effect induced by AZ4 on H460 cells may cor-
relate with theinduction of the G,-M cell cycleat 24 h which
increased p53, p21, and Bcl-2 protein expression and de-
creased the expression of the Cdc-2 protein. The cdlswere
then steered the apoptotic pathway for 48 h treatment, where
the anti-apoptotic protein Bcl-2 and cell checkpoint proteins
p53 and p21ldecreased, whilethe apoptos s enzymes caspase
3 and 8 were activated. It is believed that this cytotoxic
mechanism study holds promise for the development of a
new generation of potent antitumor agents.
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