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Nonsmall-cell lung cancer (NSCLC) is not generally a chemosensitive tumor, and the mechanism of
resistance to the relevant anticancer drugs has not been fully elucidated. Solamargine (SM), the major
steroidal glycoalkaloids extracted from the Chinese herb Solanum, inhibits the growth of human
tumor cells. We have previously demonstrated that SM regulates tumor necrosis factor receptors
(TNFRs)- and mitochondria-mediated pathways and sensitizes NSCLC cells to initiate apoptosis.
Interestingly, this investigation reveals that SM up-regulated Fas expression and down-regulated the
expression of HER2, whose overexpression is associated with resistance to drugs, and promotes che-
motherapy-induced apoptosis in NSCLC A549 and H441 cells. After treatment with SM, the expres-
sion of HER2 mRNA was correlated with the expression of topoisomerase Ila. (TOP2A) mRNA. The
combinatory use of low concentrations of SM with low-toxic topoisomerase II inhibitor epirubicin
accelerated apoptotic cell death. Therefore, the downregulation of the HER2 and TOP2A expression
by SM with epirubicin may partially explain the SM and epirubicin cytotoxicity synergy effect in
NSCLC. Results of this study suggest that SM induces Fas and TNFR-induced NSCLC cell apoptosis
and reduces HER2 expression. These findings provide the synergistic therapeutic interaction between
SM and epirubicin, suggesting that such combinations may be effectively exploited in future human
cancer clinical trials.
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differ, perhaps because of their susceptibility to apoptosis
[1]. NSCLC, the most prevalent subtype, is less sensitive to
apoptosis, making it more resistant to cytotoxic chemother-
apy and causing the treatment of patients to fail, whereas

1 Introduction

Lung cancer is the leading cause of death by cancer world-
wide and its incidence continues to rise. Instances are div-

ided into two groups by histological features — nonsmall
cell lung cancer (NSCLC) and small cell lung cancer
(SCLC). The sensitivities of these two types to treatment
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i  InterScience’

SCLC is more susceptible to apoptosis [2]. Adenocarci-
noma is the most common of the NSCLC subtypes, and its
frequency is rising in the world [3]. Therefore, NSCLC of
the human adenocarcinoma A549 and H441 cells were
studied and the actions of chemotherapy were also illus-
trated.

Aberrations in the apoptotic signaling promote tumori-
genesis and underlie resistance of human tumors to anti-
cancer agents. CD95/Fas, a member of the tumor necrosis
factor receptor (TNFR) superfamily, is critical in apoptotic
caspase cascade signaling in various cells [4]. Fas-signaling
may be caused by the ligation of the Fas receptors by the
Fas ligand (FasL) or by anti-Fas antibodies. Several tumor
cells can escape Fas-mediated cell death by modifying the
Fas receptor associated with FasL expression including
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lung cancer cells [5]. We have previously established that
solamargine (SM), a purified compound from Solanum
plants, regulates the expressions of TNFRs and the mito-
chondrial-mediated pathway, and sensitizes lung cancer
cells to the initiation of apoptosis [6]. The binding of death
ligands to their receptors, including Fas (for FasL) and
TNFRs (for TNF), triggers apoptosis by the recruitment of
the adaptor protein Fas-associated death domain (FADD)/
TNFR-1-associated death domain (TRADD), which pro-
motes the recruitment of caspase-8 and -3, activating the
cell death pathway [7]. These results support the hypothesis
that SM may activate the Fas pathway, which may affect the
chemosensitivity of NSCLC A549 and H441 cells to anti-
cancer agents.

The HER2 oncogene (also known as c-erbB2) encodes a
185 kDa transmembrane tyrosine kinase with homology to
epidermal growth factor receptor [8]. The amplification/
overexpression of the human HER2 gene is commonly
observed in human cancer, including NSCLC. It has been
shown to be associated with poor patient survival in
NSCLC [9]. Cellular and animal experiments have shown
that promoting the expression of the HER2 gene can
increase tumorigenicity and experimental metastasis in
mouse embryo fibroblasts and human cancer cells [10].
Furthermore, the overexpression of HER2 in NSCLC has
been recently reported to induce resistance to chemothera-
peutic drugs such as cisplatin, doxorubicin, and epirubicin
[11]. The association of HER2 overexpression in cancer
cells with malignant phenotypes and chemoresistance pro-
vides a plausible explanation for the poor clinical outcome
of patients with HER2-overexpressing tumors [12], indicat-
ing that the downregulation of HER2 in lung cancers may
prevent drug resistance.

Epirubicin is a topoisomerase II inhibitor, and is
employed as a base for single or combination chemotherapy
to treat solid tumors, including NSCLC [13]; however, the
development of drug resistance reduces its effectiveness.
Factors that have been reported to affect resistance to epiru-
bicin include the altered expression of topoisomerase II and
integrins, changes in glutathione levels [14] and the expres-
sion of membrane-associated pumps such as P-glycopro-
tein encoded by the multidrug resistance gene MDR1 [15].

This study elucidates the success of chemotherapy that
utilizes SM and epirubicin for NSCLC cells. (i) SM inhibits
the growth of A549 and H441 cells; upregulates the expres-
sion of Fas, and downregulates the oncogene HER2. (ii)
After treatment with SM, the mRNA expression of HER?2 is
greatly significantly correlated with topoisomerase Ila
(TOP2A), and low concentrations of SM combination epi-
rubicin caused significantly more apoptosis than either
drug treatment alone. Therefore, the presented results sug-
gest that SM upregulation of Fas and downregulation of
HER?2 expressions simultaneously downregulate TOP2A
expression, the fact which may partially explain the synergy
of SM with epirubicin cytotoxicity in NSCLC.
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2 Materials and methods

2.1 Agents and cell culture

Epirubicin was purchased from Sigma Chemical Company
(St. Louis, MO). SM was isolated from berries of Solanum
incanum. SM was dissolved at a concentration of 60 uM in
100% DMSO as stock solution. Epirubicin (200 pM) was
prepared with ddH,O as stock solution. Stock solution was
diluted to the desired final concentrations with growth
medium just before use. The final DMSO or ddH,O con-
centration did not exceed 0.1%. The human adenocarci-
noma cell lines A549 and H441 were cultured in medium
supplemented with 10% fetal bovine serum (Hazelton Prod-
uct, Denver, PA, USA) and antibiotics (100 U/mL penicil-
lin, 100 pg/mL streptomycin) at 37°C in 5% CO,; specifi-
cally A549 cells in F-12 medium (GIBCO, Grand Island,
NY) and H441 cells in RPMI 1640 medium (GIBCO).

2.2 Assessment of cell viability and apoptosis

Cells (1 x 10* cells/well) were seeded in each 100 uL of 96-
well multidishes for at least 24 h prior to use. The cells were
treated with serial concentrations of agents for 18 h. The
effects on cell growth were examined by [3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium] (MTS) assay according to the
manufacturer’s procedure (CellTiter 96™ AQ, Promega,
Madison, WI). Absorbance at 490 nm (A499) Was measured
with an automated plate reader (Dydatech, Alexandria,
VA). Values are expressed as the percentage of mean cell
viability relative to the untreated cultures. The ICys and ICs
were calculated from the drug concentration that induced
25 and 50% of cell survival rate. All determinations were
performed in triplicate and statistically analyzed by Stu-
dent’s ¢-test. To assess specific apoptosis, cells were treated
with SM (ICs), epirubicin (9.2 uM) alone or in combina-
tion for 18 h. Cells were then fixed in 70% ethanol/PBS,
pelleted, and resuspended in buffer containing 200 pg/mL
RNase A and 0.01 mg/mL propidium iodide. SubG,-peak
was determined by flow cytometry analysis. The percen-
tages of cells were determined using the WinMDI software.
For fluorescent staining, after incubation with SM (ICs,) for
18 h, cells were fixed in 4% paraformaldehyde and permea-
bilized in saponin (0.1% v/v in PBS-BSA). The cell nuclei
were stained with 0.1 1g/mL of 4,6-diamidino-2-phenylin-
dole (DAPI) (Sigma) and inspected using a fluorescent
microscope.

2.3 RT-PCR and Southern hybridization

RNA preparations were extracted form the cells treated
with SM (ICs) for serial times using the Qiagen RNeasy kit
(Hilden, Germany), and RT-PCR was performed using 1 pug
of total cellular RNA and the Superscript cDNA Preampli-
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fication System (Clontech, Palo Alto, CA) in a Perkin-
Elmer amplification cycler (Weiterstadt, Germany). Pri-
mers used were as follows: (i) Fas (264 bp), 5'-AGC-
TTGGTCTAGAGTGAAAA-3', 5-GAGGCAGAATCAT-
GAGATAT-3’; (ii) HER2 (420 bp), 5-TGCGGCTCGTA-
CACAGGGACTT-3, 5-TGCGGAGAATTCAGACAC-
CAACT-3'; (iii) TOP2A (596 bp), 5'-GCCCTCCTGCTA-
CACATTTC-3', 5-AACACTTGGGCTTTACTTCACTT-
3’. The RNA used for reverse transcription was controlled
by the RT-PCR of human B-actin (286 bp) in the same con-
ditions. The PCR conditions included an initial denatura-
tion for 2 min at 95°C, 29 cycles consisting of (i) 1 min
denaturation at 94°C; (ii) 1 min primer annealing at 60°C
for Fas and HER2, 54°C for TOP2A and B-actin, respec-
tively; (iii) 1 min elongation at 72°C; and (d) one final step
of 5min at 72°C. The amplified RT-PCR products were
analyzed in 2% agarose gels and were visualized by ethi-
dium bromide staining and photographed under UV illumi-
nation. For Southern hybridization assay, cDNA products
were electrophoresed on agarose gel and transferred onto
nylon membrane (BioRad, Richmond, USA). After prehy-
bridization, the blot was hybridized with human monoclo-
nal HER?2 probes labeled with [**S]-dCTP using randomly
primed labeling procedure (Promega).

2.4 Detection of Fas and HER2 expressions

Cells were treated with SM (ICs) for 18 h and the expres-
sions of Fas and HER2 were studied after trypsinization.
The cell surface expression of HER2 receptor was meas-
ured as the amount of selective binding sites for trastuzu-
mab (1:100) (DAKO, Carpinteria, CA), a humanized anti-
HER2 antibody containing the murine antigen binding
loops and human variable region framework residues plus
human IgG, constant domains, followed by secondary
staining with an antibody reacting specifically with the Fc
portion of the heavy chain of human IgG, (Molecular
Probes). For immunoblotting, cells were harvested, washed
with PBS, and incubated for 20 min at 4°C in 1 mL of lysis
buffer containing 50 mM Tris-HCl, pH 7.5, 1% Triton
X-100, 5mM EGTA (ethylene glycol-bis(2-aminoethy-
lether)-N,N,N',N'-tetraacetic acid), 150 mM NaCl, and
1 mM PMSE Cell lysates were cleared by centrifugation,
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Cell Viability (%)

SM
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separated by SDS-PAGE under reducing or nonreducing
conditions, and immunoblotted with anti-Fas mAb (R&D
Systems, MN, USA), trastuzumab and anti-B-actin (Sigma).
For immunofluorescence analysis, cell surface expressions
of HER2 were analyzed by fluorescent staining and flow
cytometry. After incubation with SM (ICs,) for 18 h, cells
were stained with trastuzumab in 1' PBS containing 0.5%
BSA (PBS-BSA) and 0.1% sodium azide (Sigma—Aldrich)
for 45 min at 4°C. Cells were then washed twice with cold
PBS and incubated with FITC-conjugated antihuman IgG1
at 4°C for 30 min. Cells were washed with cold PBS and
fixed in 4% formalin. The cell nuclei were stained with
0.1 pg/mL of DAPI and inspected using a fluorescent
microscope. Two additional washing steps with cold PBS
were performed before the cells were analyzed by FACScan
flow cytometer (Becton—Dickinson) using WinMDI soft-
ware.

2.5 Statistical analysis

To evaluate the statistical significance of the difference of
all the values, statistical analysis was performed on the
means of the triplicates of at least three independent experi-
ments using a Student’s 7-test. p values less than 0.05 was
considered significant for all tests.

3 Results

3.1 Dose dependence of SM-induced apoptosis in
NSCLC A549 and H441 cells

SM was extracted from a Chinese herb, as reported above
[16]. Figure 1A plots the effect of SM on the cell growth of
A549 and H441 cells, as determined by the MTS assay. The
treatment of A549 and H441 cells with serial concentra-
tions of SM for 18 h inhibited cell proliferation, which was
dose-dependent. The concentrations of SM that caused
50% cell death (ICsy) were approximately 5.46 uM for
A549 and 5.85 uM for H441 cells. After incubation with
SM (ICso), the nuclei of A549 and H441 cells were stained
with DAPI and exhibited typical nuclear condensation and
apoptotic bodies (Fig. 1B).

H441

Figure 1. Dose dependence of SM-induced apop-
tosis in NSCLC cells. (A) Percentage of viable in
A549 (e) and H441 (o) cells treated with serial con-
centrations of SM for 18 h. Cell viability was deter-
mined by MTS assay. Data are means + SD from
three independent experiments. (B) Cells were
grown on coverslips and treated with SM (ICs) for
18 h. The cells were then fixed in formaldehyde
and DNA stained with DAPI. The nuclei of the cells
were visualized using a fluorescent microscope
(200 x).
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Figure 2. Expression of Fas on NSCLC cells after SM treat-
ment. A549 and H441 cells were treated with SM (ICs,) for
various periods. The expressions of Fas and B-actin on the
cells were determined by RT-PCR (A) and immunoblot analy-
ses (B) using specific cDNA primers and immunoblotting with
anti-Fas mAb and anti-B-actin, as described in Section 2.

3.2 Apoptosis of SM-induced NSCLC cells
required Fas expression

The apoptosis caused by chemotherapeutic agents can be
mediated by Fas/FasL signaling pathway in numerous lung
cancers [7]. The modulation of Fas expression in SM-
treated A549 and H441 cells was investigated. As presented
in Fig. 2A, adding SM (ICso) up-regulated the gene expres-
sion of Fas in A549 and H441 cells according to RT-PCR.
The results of immunoblot analysis of Fas were consistent
with the levels of Fas mRNA and protein expression (Fig.
2B). These results demonstrate that SM might predomi-
nantly induce the NSCLC cells apoptosis through upregula-
tion of Fas expression.

3.3 Effect of HER2 downregulation on growth
inhibition by SM in NSCLC cells

Previous reports have demonstrated that HER2 overexpres-
sion is correlated with resistance to drugs [11], indicating
that the down-regulation of HER2 in tumors may cause
such resistance. The gene expression of HER2 in A549 and
H441 cells with ICs, doses of SM was tested by RT-PCR
analysis followed by Southern hybridization, to examine
the effect of SM on HER2 that has been correlated with
metastatic potential. As displayed in Figs. 3A and B, the
ratios of HER2 to B-actin gene expressions revealed that
cells treated with SM exhibited a level of significance of
HER2 expression lower than the untreated control. The
results were confirmed by immunoblot (Fig. 3C) and the
binding of humanized anti-HER2 antibodies (trastuzumab)
to the receptors on SM-treated cells by immunofluorescent
analysis and flow cytomerty (Figs. 3D and E). Similar
results for the downregulation of HER2 receptor expres-
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Figure 3. Downregulation of HER2 expression in NSCLC cells
following SM treatment. (A) Cells were treated with SM (I1Cso)
at various times. The expressions of HER2 on cells were stud-
ied by RT-PCR (A), Southern hybridization (B), immunoblot
(C), immunofluorescent analysis (D), and flow cytometry (E),
as described in Section 2. The blank, the primary antibodies,
and the secondary antibodies were replaced with 1 x PBS
under the same conditions. Data are representative of three
independent experiments.

sions upon exposure to SM in A549 and H441 cells were
obtained. Taken together, these results indicated that SM
can reduce the gene and protein expressions of HER2 in
NSCLC cells.

3.4 SM-enhancement of epirubicin cytotoxicity is
associated with downregulation of TOP2A
expression

One of several mechanisms that may explain the resistance
of HER2-overexpressing tumors to epirubicin is coregula-
tion or coamplification of HER2 and TOP2A [17]. Follow-
ing treatment with SM (ICs) to study a possible correlation
between mRNA expression of HER2 and TOP2A, an RT-
PCR approach, using primers specific for HER2 and
TOP2A (Fig. 4A), was performed. SM down-regulated the
gene expression of TOP2A in A549 and H441 cells, as
determined by comparison with the control, and a consider-
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Figure 4. SM-enhanced epirubicin-induced cell cytotoxicity in NSCLC cells. (A) Expression of TOP2A on A549 and H441 cells after
SM treatment. A constant amount of SM (ICso) was added to the cells for various intervals. The expressions of TOP2A on cells were
determined by RT-PCR. (B) The susceptibility of A549 and H441 cells to epirubicin was improved by adding SM. Constant concen-
trations of SM (IC,s and ICs) and epirubicin (3.6 and 9.2 uM) alone or in combination were added to A549 and H441 cells for 18 h.
The cytotoxicity was determined by MTS assay. Each value is the mean ( SD of the percentage cell viability from triplicate determi-
nations. *p <0.05 compared to the control values. (C) Percentage of cells in which apoptosis induced by SM (ICs,) and epirubicin
(9.2 uM) alone or in combination for 18 h, as analyzed by flow cytometry for DNA fragmentation using nuclear staining with propi-
dium iodide. The percentage of the specific apoptotic subGi-peak was calculated using WinMDI software. The results are obtained

from a representative experiment of three independent experiments.

able correlation was obtained between the mRNA expres-
sion of TOP2A and HER2.

The treatment of A549 and H441 cells with SM alone or
in combination with epirubicin was observed to elucidate
whether chemosensitivity to epirubicin can be influenced
by the inhibition of HER2 and/or TOP2A (Fig. 4B). Sur-
prisingly, low concentrations of SM plus epirubicin inhib-
ited the proliferation of A549 cells as potently as did drug
treatment alone. Similar results were observed with H441
cells. These results were confirmed by the appearance of a
subG, population, revealed by flow cytometry; the combi-
nation of SM with epirubicin resulted in more beneficial
apoptotic cell death than with individual agents alone (Fig.
4C). Hence, the results herein suggest that the downregula-
tion of HER2 and TOP2A expressions by SM with epirubi-
cin may partially explain the synergistic cytotoxicity effect
in NSCLC.

4 Discussion

Using herbs to treat malignant diseases has been dramati-
cally rising in recent years. Members of the Solanaceae

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

family of plants synthesize secondary metabolites such as
glycoalkaloids and polypenols, presumably to protect them-
selves against phytopathogens. These plants include pota-
toes, tomatoes, and eggplants. SM is a major glycoalkaloid
that is found in eggplants and at least 100 other Solanum
species [18]. This investigation presents the action mecha-
nism of SM in NSCLC A549 and H441 cells.

A role of the Fas/FasL signaling system in apoptosis
induced by chemotherapy has been proposed for some lung
cancer cell types. The expression of Fas and FasL on the
surface of NSCLC cells is up-regulated after exposure to
anticancer agents, and apoptosis is induced in some cell
lines upon exposure to the Fas agonistic mAb [19]. The
overexpression of the HER2 oncogene is commonly associ-
ated with several cancers, including lung cancer. A large
body of evidence indicates that HER2 overexpression is
associated with elevated tumorigenicity in nude mice xeno-
graft models, enhanced metastatic potential, increased
resistance to ligation of death receptors by TNF, FasL, and
TRAIL, and in particular circumstances, resistance to che-
motherapy [20]. Accordingly, cancer cells that overexpress
HER? are therefore an excellent target for the development
of anticancer therapies. For instance, an anti-HER2 anti-
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body (trastuzumab, Herceptin™) has been used clinically
as a potent growth inhibitor of such breast and lung cancer
cells [21], and previous research has demonstrated that the
overexpression of HER2 upregulates p21™ and leads to
resistance by these cancer cells to Taxol [22]. The DNA-
binding protein PEA3, which is encoded by a previously
isolated gene of the ets family, specifically targeted a DNA
sequence on the HER2 promoter and down-regulated the
promoter activity. The expression of PEA3 resulted in the
preferential inhibition of cell growth and the development
of a tumor by HER2-overexpressing cancer cells [23]. Anti-
sense oligonucleotides have been adopted to suppress the in
vitro proliferation of human cancer cells in which HER?2 is
amplified and tumorigenicity is inhibited in vivo [24].
Moreover, previous studies have shown that Akt was consti-
tutively activated in HER2-overexpressing cancer cells and
that Akt/NF-kB activity was required to establish the resist-
ance of these cells to TNF-induced apoptosis [25]. Hence,
HER2-overexpressing cancer cells are more resistant to
TNF-induced apoptosis, leading to poor prognosis and
shortening the survival time of patients. Our laboratory has
recently established that SM can modulate TNFRs- and
mitochondria-related Bcl-2/Bcl-x, and Bax expression, and
overcome the resistance to TNFs and cisplatin in lung can-
cer cells [26]. Interestingly, in this study, SM’s upregulation
of Fas and its downregulation of HER2 expression inhibited
cell growth, according to RT-PCR, Southern hybridization,
immunoblot, immunofluorescent analysis, and flow cytom-
etry. These findings suggest that SM-enhanced sensitiza-
tion to TNFR- and Fas-mediated pathway was associated
with the suppression of HER2 expression and the induction
of cell death in NSCLC A549 and H441 cells.

Cytotoxic chemotherapy remains an important part of
optimal therapy for patients in all stages of cancers, but its
use is limited by toxicity, nonspecificity, inevitable devel-
opment of resistance, and serious consequences on the
patients’ quality of life [27]. Current chemotherapeutic
agents can not only kill cancer cells, but also express toxic-
ity for normal cells [28]. Recent strategies including coad-
ministered modulating agents, hammerhead ribozymes and
antisense oligonucleotides may increase the specificity in
cell targeting. The strategies may be used to reduce drug
resistance and increase drug bioavailability to improve the
profile of chemotherapeutic efficacy versus toxicity [29].
Chemotherapeutic agents can compromise the survival of
the graft. Drugs that are effective at low doses could there-
fore, not only give fewer side effects, but also provide a bet-
ter graft survival [30]. In this regard, this study uses SM to
upregulate the Fas death receptor and downregulate the
HER? resistant gene, and consequently enhanced the effi-
cacy of epirubicin in NSCLC cells. Thus, the effective dose
of epirubicin in the treatment of NSCLC may be reduced.

The mechanism by which HER2 may be associated with
resistance to chemotherapy is coampliferation or coregula-
tion with TOP2A. The chromosomal location of both HER2
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and TOP2A is 17q21-22. Amplifications occur over large
segments of the chromosome and may comprise many
mega bases. TOP2A was found to be coamplified in 12% of
HER2; other investigators have obtained similar results
[31]. Therefore, a subgroup of patients with HER2 overex-
pression is likely to exhibit a high TOP2A activity. A pre-
vious investigation reported that tumor cell lines that are
resistant to topoisomerase-targeting drugs, such as doxoru-
bicin with down-regulated TOP2A can simultaneously
downregulate the oncogene HER2 and thus become sensi-
tive to TNF and FasL [32]. This study demonstrated that
low concentrations of SM augment epirubicin cytotoxicity,
achieving a greater therapeutic effect than that expected by
the simple addition of the effects of the component drugs.
This result is associated with the downregulation of coregu-
lation and the coamplification of HER2 and TOP2A expres-
sion, which potentially result in prominent synergistic
effects on the A549 and H441 cells. These findings provide
additional insight into the synergistic therapeutic interac-
tion between SM and epirubicin, suggesting that such com-
binations can be successfully exploited in future human
clinical trials.

This work was supported in part by grants from National
Science Council, Taiwan (NSC 94-2312-B-014-003).
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