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Abstract
Purpose Nitidine (NTD) cytotoxicity is highly speciWc
for A549 human lung adenocarcinoma cells. We hypothe-
sized that this cytotoxicity involved the accumulation of
NTD in intracellular organelles. However, there have been
no reports of NTD transporting factors. In this study, we
screened for an NTD transporter and evaluated its associa-
tion with NTD cytotoxicity.
Methods Gene expression analyses were done for A549
and human fetal lung normal diploid Wbroblast (WI-38)
cells. We screened for ABC transporter, multi-drug resis-
tance-associated genes. Gene expressions of ATP-binding
cassette transporter A1 (ABCA1) were conWrmed in 8 cell
lines by quantitative PCR. The involvement of ABCA1 in
NTD cytotoxicity was evaluated using siRNA-mediated
ABCA1 gene silencing.
Results Gene expression analysis indicated that A549
cells expressed higher levels of ABCC1, ABCC2, ABCC3,
and ABCG2 and a lower level of ABCA1 compared to WI-
38 cells. NTD resistant cell lines uniformly showed higher

ABCA1 expression levels. Gene silencing experiments
showed that the down-regulation of ABCA1 resulted in
increased sensitivity to NTD.
Conclusions These results indicated that NTD eZux is
controlled by ABCA1 activity, suggesting that ABCA1
transports molecules other than lipids. Thus, there is a
possibility that ABCA1 acts as a drug resistance trans-
porter involved in the cytotoxicity of NTD derivatives.
This also suggested that the expression level of the
ABCA1 gene may be an indicator for the eYciency of
NTD treatment.

Keywords Nitidine · ABCA1 · ABC transporter · 
Multi-drug resistance · Gene expression analysis

Introduction

Nitidine (NTD) is a benzophenanthridine alkaloid that has
been reported as an antitumor agent by its inhibition of
topoisomerase I (TOPO-I) (Fig. 1) [1, 2]. TOPO-I is
required for DNA transcription, synthesis, and replication
[3] and, thus, is an attractive target for anticancer drug
development.

Camptothecin (CPT) is one of the best known anticancer
plant alkaloids that kills cells by inhibition of TOPO-I [4,
5]. The results of quantitative DNA cleavage assays using a
human enzyme showed that the inhibitory potency on
TOPO-I by NTD was signiWcantly less than by CPT [6].
Cytotoxicity assays using various tumor and normal cell
lines have also supported this observation [1, 7, 8].

In lung cancer treatment, chemotherapy plays a major
role worldwide. The possibility of developing chemothera-
peutic drugs has been shown by numerous studies. How-
ever, resistance to drugs has also been reported as a major
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obstacle to the treatment of many types of cancer including
lung adenocarcinomas.

MDR1/ABCB1, MRP2/ABCC2, and BCRP/ABCG2 are
well-studied members of the ABC transporter family of
genes as multi-drug resistance-associated genes [9–13].
Their gene products actively export many type of drugs
from cancer cells. The ABC transporters serve to protect
cells through their recognition and energy-dependent
removal of a large variety of natural toxic agents [14].
Thus, the eYcacy of chemotherapeutic drugs depends not
only on their mechanisms of action but also on the activities
of transporters in tumor cells.

In a previous study, a strong multi-drug resistance phe-
notype was suggested for human lung adenocarcinoma
A549 cells because of the over-expressions of MDR1/
ABCB1, MRP2/ABCC2, and BCRP/ABCG2 genes [15].
For this reason, many previous studies have used A549
cells to screen for drugs that were not aVected by multi-
drug resistance transporters.

We have reported that NTD has highly speciWc cyto-
toxicity for A549 cells both in vitro and in vivo [16].
Although the relative TOPO-I inhibitory activity was less,
NTD had cytotoxicity comparable to CPT as for A549
cells [16]. This report also suggested that NTD cytotoxic-
ity was due to intracellular accumulations. It has been
known that CPT is exported from cells by the action of
BCRP/ABCG2, which is an over-expressed gene in A549
cells [17, 18]. From these results, one can deduce that
NTD is not transported by major drug resistance trans-
porters. However, there have been no reports regarding
NTD transporters. Therefore, identifying the mechanisms
of NTD transport is crucial to understand the A549-spe-
ciWc cytotoxicity induced by intracellular accumulations
of NTD.

The present study was undertaken to identify NTD trans-
porters associated with its speciWc cytotoxicity. We ana-
lyzed gene expression levels of ABC transporters in
sensitive (A549) and resistant (WI-38) cell lines. We also
applied small interfering RNA (siRNA) to knock down the
expression of a candidate transporter gene and evaluated
the sensitivity to NTD treatment.

Materials and methods

Gene expression analysis for A549 and WI-38 cells

A549 and WI-38 cells (1 £ 106 cells/90 mm dish) were
pre-incubated overnight. Gene expression analysis was
done using the mRNAs from each cell lines without NTD
treatment. The method of total RNA extraction is described
elsewhere. This analysis essentially followed the proce-
dures described in the AVymetrix Expression Analysis
Technical Manual. The prepared cRNA was hybridized to
an AVymetrix HG-U95Av2 chip. Data analysis used Gene-
Chip software. Experiments were performed 3 times.

Cell culture

The A549, human lung adenocarcinoma cell line, and
OUMS-36T-2F, normal human embryo Wbroblast (hTRT
gene) cell line, were cultured in Dulbecco’s modiWed
Eagle’s medium (D-MEM) containing 10% fetal bovine
serum (FBS). WI-38, a human lung normal diploid Wbro-
blast cell line, was cultured in Eagle’s minimum essential
medium with Earle’s salts (E-MEM) containing 10% fetal
bovine serum (FBS). WI-38 VA13 sub 2 RA (WI-38
VA13), SV40 virus transformed human lung Wbroblast cell
line, was cultured in E-MEM containing 10% FBS, non-
essential amino acids, and 1 mM sodium pyruvate. VMRC-
LCP, human lung squamous carcinoma cell line, was
cultured in E-MEM containing 10% FBS and non-essential
amino acids. ACC-MESO-4, human malignant pleural
mesothelioma cell line, PC-14, human lung undiVerentiated
adenocarcinoma cell line, and RERF-LC-KJ, Japanese lung
adenocarcinoma cell line, were cultured in RPMI-1640
medium containing 10% FBS. Cells were cultured at 37°C
in a humidiWed atmosphere with 5% CO2. Exponentially
growing cells were used throughout the experiments.

Comparisons of ABCA1 expression and NTD cytotoxicity 
in various human cell lines

Total RNAs were prepared from nearly conXuent cells
(A549, WI-38, WI-38 VA13 sub 2 RA, OUMS-36T-2F,
VMRC-LCP, ACC-MESO-4, PC-14, and RERF-LC-KJ)
cultured in 60-mm dish according to the methods
described in “Total RNA extraction and cDNA synthesis”
section. Cytotoxicity assays were performed in 96-well
microtiter plates. Cells were cultured in an appropriate
medium, and seeded at 1 £ 103 cells (100 �l) per well, and
pre-incubated in a humidiWed atmosphere with 5% CO2 at
37°C for 24 h. After treatment with each concentration of NTD
(30, 16, 4, 1, 0.25 �M) for 24 h, cell viability was evalu-
ated according to the methods described in “Cytotoxicity
tests” section.

Fig. 1 Chemical structures of nitidine and cholesterol
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Cytotoxicity tests

Cytotoxicity was determined using a commercial cell titer
kit (CellTiter 96® Aqueous Non-Radioactive Cell Prolifera-
tion Assay, Promega). All measurements were taken in trip-
licate, and cell cytotoxicity was expressed as the relative
viability of sample treated cells against untreated controls.
The 50% lethal dose (D50) was deWned as the concentration
of compound that inhibited 50% of cell growth compared
with untreated controls.

Total RNA extraction and cDNA synthesis

Total RNAs were isolated from each cells by illustra RNA-
spin mini kit according to the manufacturer’s instructions
(GE Healthcare UK Ltd.). The isolated total RNA,
1.85 § 0.70 �g/6 well of 96-well plate and 160 § 39 �g/
60-mm dish, was reverse transcribed into cDNA using a
PrimeScript Wrst-strand cDNA Synthesis Kit (Takara Bio,
Shiga, Japan) according to the manufacturer’s instructions.
BrieXy, 1 �g total RNA was combined with 50 �M oligo-
dT primer and 10 �M dNTPs in DNase- and RNase-free
water to a Wnal volume of 10 �l. RNA, and primer were
denatured at 65°C and then cooled immediately on ice.
Reverse transcription was performed using 10 �l of a mas-
ter mix containing the following: 5£ PrimeScript buVer
(Takara Bio), RNase inhibitor (40 U/�l), PrimeScript
reverse transcriptase (200 U/�l; Takara Bio), and DNase
and RNase-free water. Reactions were incubated at 42°C
for 60 min and terminated by incubation at 95°C for
15 min.

Real-time quantitative PCR

The mRNA level of ABCA1 was measured by real-time
PCR. Primers for real-time PCR were designed using
Primer Express software version 3.0 (Applied Biosys-
tems). The relative mRNA levels of the beta-actin
(ACTB) gene was measured and used to normalize the
mRNA levels of the ABCA1 gene. The primer sequences
were: ABCA1, 5�-AAA AAC TGG AAC GGT GAA
GGT GAC-3� and 5�-AAG GGA CTT CCT GTA ACA
ATG CAT CT-3�; beta-actin (ACTB), 5�-CCC TTC TTA
TAC CCT AAG ATG AAG C-3� and 5�-AGT GCA
AAA ATA GAT CCC ATT ACA G-3�. Real-time PCR
used Ex Taq (Takara) with iCycler-iQ real-time PCR
equipment (Bio-Rad) and SYBR Green. The threshold
cycle (Ct) was deWned as the PCR cycle number at which
the reporter Xuorescence crossed the threshold reXecting
a statistically signiWcant point above the calculated
baseline. The Ct of each target product was determined
and normalized against that of the housekeeping gene,
ACTB.

siRNA preparation and transfection

Seven 21-nt siRNA duplexes of the human ABCA1 gene
used in this study were obtained from RNAi Co., Ltd.
(Tokyo, Japan, rnai.co.jp/) (Table 1). Silencer negative con-
trol siRNA (non-targeting pool siRNA) was purchased from
Dharmacon, Inc. (Chicago, IL). A549 and OUMS 36T-2F
cells were used to evaluate the eVects of ABCA1-targeted
siRNA. For siRNA transfection, 2 £ 103 cells were plated in
96-well plates and grown for 24 h, followed by transfection
with siRNAs using DharmaFECT™ 1 reagent (Dharmacon,
Inc.) according to the supplier’s instructions. In brief, 10 �l
of 2 �M siRNA solution in serum-free D-MEM was mixed
with 10 �l of 4% DharmaFECT™ 1 reagent diluted by
serum-free D-MEM, followed by incubation at room tem-
perature for 5 min. Eighty microliters of serum-free D-MEM
was added to the siRNA-DharmaFECT™ 1 reagent com-
plex, followed by incubation at room temperature for
20 min. After removing culture medium from the wells,
100 �l of the transfection mixture was added to 9 wells (6
wells forRNA extraction and 3 wells for cytotoxicity tests).
After 24 h, medium was changed to fresh culture medium.
Total RNA extraction was performed after 72-h siRNA
transfection. To evaluate the eVect of ABCA1 knockdown
under same conditions, 3 wells of A549 and OUMS-36T-2F
cells were treated with 1 and 20 �M of NTD, respectively,
for 48 h. Cytotoxicity was measured according to the meth-
ods described in “Cytotoxicity tests” section.

Statistical analysis

Results are given as mean § SD. ABCA1 mRNA expres-
sion levels and cytotoxicity results were compared between

Table 1 Sequences of ABCA1 siRNA oligos

siRNA Sequence

siR01 sense 5�-GGC AAU CCG GAC CAU AUC UCG-3�

siR01 antisense 5�-AGA UAU GGU CCG GAU UGC CUG-3�

siR02 sense 5�-GAC GGA GUC GGA AAG GAU UUU-3�

siR02 antisense 5�-AAU CCU UUC CGA CUC CGU CUG-3�

siR03 sense 5�-GAG CUG UUC ACC GAC AAU AAG-3�

siR03 antisense 5�-UAU UGU CGG UGA ACA GCU CCA-3�

siR04 sense 5�-GUA CGU ACG UAU AAG ACU AGA-3�

siR04 antisense 5�-UAG UCU UAU ACG UAC GUA CAU-3�

siR05 sense 5�-GAA UAU UAA CGC UAA AGG UGU-3�

siR05 antisense 5�-ACC UUU AGC GUU AAU AUU CAA-3�

siR06 sense 5�-CGC UAA AGG UGU AAG ACU UCA-3�

siR06 antisense 5�-AAG UCU UAC ACC UUU AGC GUU-3�

siR07 sense 5�-GGA UGU ACA ACG AAC AGU ACA-3�

siR07 antisense 5�-UAC UGU UCG UUG UAC AUC CAG-3�
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groups by the Dunnett test. A value of P < 0.05 or P < 0.01
was considered statistically signiWcant.

Results

Gene expression analysis of A549 and WI-38 cells

To identify a gene(s) associated with NTD transport, we
analyzed the expression levels of about 12,000 human
genes using oligonucleotide microarrays. The available
gene expression levels for ABC transporters are summa-
rized in Table 2. The ABCA1 gene expression level in
A549 was markedly lower than in WI-38 cells. By compar-
ison, ABCC1, ABCC2, ABCC3, and ABCG2 genes were
highly expressed in A549 cells.

Comparisons of ABCA1 expression and NTD cytotoxicity 
in various human cell lines

We performed quantitative real-time PCR to determine the
levels of ABCA1 gene expression in the following cell
lines (Table 3): A549, WI-38, WI-38 VA13 sub 2 RA,
OUMS-36T-2F, VMRC-LCP, ACC-MESO-4, PC-14, and
RERF-LC-KJ. The ABCA1 gene showed signiWcantly
higher expressions in WI-38, OUMS-36T-2F, VMRC-LCP,
and ACC-MESO-4 cells than in A549 cells.

NTD cytotoxicity tests were also done for these cell lines
(Table 3). The cells of higher ABCA1 expressors (WI-38,
OUMS-36T-2F, VMRC-LCP, and ACC-MESO-4) were
uniformly resistant to NTD while the lower expressors
(A549, PC-14, and RERF-LC-KJ) showed somewhat vari-
able sensitivity to this agent.

Test for down-regulation of ABCA1 expression 
by designed siRNA

To identify an eYcient RNA target sequence to down-regu-
late the ABCA1 gene, seven diVerent parts of the ABCA1
mRNA sequence were tested for their ability to down-regu-
late ABCA1 mRNA expression levels in A549 cells.
Among these seven oligonucleotides, siR07 showed the
most signiWcant reduction in ABCA1 gene mRNA (Fig. 2).

Table 2 Genes diVerently regulated between A549 and WI-38 cells
based on gene chip analysis

Results are the mean § SD of triplicate measurements

Gene 
symbol

Fluorescence signal value Fold change

A549 WI-38 A549/WI-38

ABCA1 10.2 § 12.9 52.8 § 10.7 0.2

ABCC1 263.2 § 32.1 109.9 § 36.6 2.4

ABCC2 181.2 § 39.4 4.4 § 4.2 40.9

ABCC3 321.8 § 30.8 27.1 § 11.8 11.9

ABCC4 51.6 § 11.3 42.4 § 4.3 1.2

ABCC10 47.8 § 29.0 55.1 § 8.9 0.9

ABCE1 66.0 § 23.2 60.8 § 6.0 1.1

ABCF1 218.7 § 34.2 186.4 § 22.5 1.2

ABCF2 113.4 § 18.2 68.9 § 6.8 1.6

ABCF3 84.0 § 12.4 90.7 § 16.8 0.9

ABCG2 73.6 § 13.4 14.4 § 4.0 5.1

Table 3 ABCA1 gene expression levels and NTD cytotoxicity in var-
ious cell lines

Expression ratios are based on the level in A549 cells. Lethal dose 50
was evaluated by cell growth inhibition by MTS assay after 24 h of
NTD treatment. Results are the mean § SD of more than triplicate
measurements

* P < 0.05; ** P < 0.01; compared with respective level of A549 cells

Cell line Expression 
ratio

D50 (�M)

A549 1.0 § 0.3 0.9

WI-38 13.9 § 0.0** >30.0

WI-38 VA13 sub 2 RA 1.3 § 0.9 1.7

OUMS-36T-2F 4.3 § 1.7* 20.0

VMRC-LCP 7.4 § 1.6** >30.0

ACC-MESO-4 15.0 § 5.4** >30.0

PC-14 1.0 § 0.2 15.4

RERF-LC-KJ 0.3 § 0.1 5.1

Fig. 2 EYciency of designed siRNAs. Seven designed siRNAs were
tested for ABCA1 mRNA reduction in A549 cells. Only one siRNA
(siR07) reduced ABCA1 gene expression by at least >50%. Levels
were quantiWed by real-time PCR and normalized by ACTB gene
expression. Ratios of expression were based on the level in transfec-
tion reagent control (TR)
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Enhanced NTD cytotoxicity by ABCA1 siRNA

To conWrm the possible involvement of ABCA1 in NTD
resistance, we inhibited its expression using siR07 and
tested for changes in cell resistance to NTD. A549 and
OUMS-36T-2F cells were transfected with siR07, or con-
trol (non-targeting) siRNA-transfected. Non-transfected
cells with transfection reagent (column “TR”) were used as
controls (Fig. 3a, b). In this experiment, only treatment
with transfection reagent did not aVect the ABCA1 gene
expression levels in each cells (data not shown). Then, rela-
tive ABCA1 gene expression levels in OUMS-36T-2F cells
were about fourfold higher than A549 cells (Fig. 3a, b;
Table 3). In these experiments, extent of ABCA1 gene
knockdown was >70% in both cell lines. In contrast, sig-
niWcantly increased expressions were observed using non-
targeting siRNA treatment in both cell lines.

To examine any alterations of NTD cytotoxicity after
down-regulating the ABCA1 gene, cytotoxicity tests were
performed using the same conditions. A549 and OUMS-
36T-2F cells, treated with the concentration of D50, 1 �M
and 20 �M, respectively, showed signiWcantly increased
susceptibility to NTD cytotoxicity associated with ABCA1
down-regulation (Fig. 3c, d). These results showed that
down-regulation of the ABCA1 gene was more eVective in

cells with higher expressions of the ABCA1 gene. ABCA1-
siRNA did not alter the sensitivity of A549 cells to another
chemotherapeutic agent camptothecin (data not shown),
which may be an additional measure of speciWcity of this
protein for NTD treatment.

Discussion

In our previous studies, we suggested that the cytotoxicities
of benzo[c]phenanthridine derivatives, DHN and NTD,
were associated with their accumulations in intracellular
organelles [16, 19]. Based on our previous study of time-
dependent changes in NTD Xuorescence intensity, we
hypothesized that a transporting factor was involved in
importing and/or exporting NTD [16]. ABCA1 is a member
of subfamily A of the ATP-binding cassette transporters,
which cause familial HDL deWciency syndromes [20–22].
ABCA1 is a plasma membrane transporter that translocates
cholesterol (Fig. 1) and phospholipids out of cells. Muta-
tions in the ABCA1 gene results in Tangier disease, which
is characterized by marked cholesterol accumulation in
macrophages and other reticuloendothelial cells [20, 22,
23]. In most cells, cholesterol is not catabolized. Therefore,
ABCA1 plays an important role of cellular sterol eZux by

Fig. 3 EVects of ABCA1 
knockdown on NTD cytotoxic-
ity. Expression levels of ABCA1 
in A549 (a) and OUMS-36T-2f 
(b) cells were quantiWed by real-
time PCR and normalized by 
ACTB gene expression. Ratios 
of expression in each cell treated 
with siR07 mix or non-targeting 
pool siRNA (NT) were based on 
the level in transfection reagent 
control (TR). Cytotoxicity tests 
were performed after siRNA 
treatment. The A549 (c) and 
OUMS-36T-2f (d) cells were 
treated with 1 �M and 20 �M 
NTD, respectively, for 24 h. Cell 
viability were indicated based on 
control groups (cells without 
NTD treatment in each siRNA 
treatment). Results are the 
mean § SD of triplicate experi-
ments. ** P < 0.01 compared 
with cell viability with TR
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constituting the initial step in the pathway of reverse cho-
lesterol transport that ultimately leads to elimination of
cholesterol from the body. Most reports regarding altera-
tions of ABCA1 gene expression levels have identiWed
relationships between its expression level and the eYciency
of lipid metabolism.

In this study, gene expression analysis indicates that the
MRP2/ABCC2 and BCRP/ABCG2 genes are highly
expressed in A549 cells (Table 2). This observation sup-
ports a previous study [15]. It is important to note that
although many transporters of this family were up-regu-
lated in A549 cells, only ABCA1 was down-regulated. This
suggests that lipids transport from intracellular compart-
ments of A549 cells are relatively down-regulated com-
pared with WI-38 cells. By association, no signiWcant
diVerence was also noted for the expression levels of other
ABC transporter genes, ABCA2, ABCA7, ABCB6,
ABCC6, ABCD3, ABCA3, ABCA8, ABCB8, ABCC8,
ABCD4, ABCA4, ABCA12, ABCB9, ABCC9, ABCG1,
ABCA5, ABCB1, ABCB11, ABCD1, ABCG4, ABCA6,
ABCB4, ABCC5, ABCD2, and ABCG5 in these experi-
ments using microarrays (data not shown).

In this study, we observed that down-regulation of
ABCA1 gene expression increased the sensitivity to NTD
cytotoxicity in A549 and OUMS-36T-2F cells, low and
high ABCA1 expressing cell lines, respectively (Fig. 3b, d).
These results suggest that ABCA1 exports NTD from cells
that results in reduced cytotoxicity. With regard to the
extent of suppressed cytotoxicity, eVective alteration was
limited to those cells that constitutively expressed the
ABCA1 gene (Fig. 2d). This suggested that suppression of
NTD cytotoxicity by ABCA1 required some threshold level
of ABCA1 gene product activity, for example, a level
exceeding the rate of NTD importation. However, studies
on the eVect of ABCA1 expression levels on NTD sensitiv-
ity in PC-14 and RERF-LC-KJ cells, compared to results
for A549 cells, indicated some conXicting results (Table 3).
These variable responses of the lower ABCA1 expressors
may be explained by the diVerences in their capability to
transport NTD into cells. Thus, intracellular concentration
of NTD controlled by inXux–eZux balance may diVer
between these cell lines. A selective transport and presence
of receptor-mediated incorporation of protoberberine alka-
loids have been reported in the cancer cells [24]. Our previ-
ous study also suggested that the variable sensitivity of
cancer cells to NTD could be, in part, due to the diVerence
in their capability to take up this agent from the extra cellu-
lar Xuid [16]. Furthermore, it is alternatively possible that
ABCA1 is not the sole protein involved in NTD transport.
Quantitative kinetic studies of NTD accumulation associ-
ated with ABCA1 knockdown may shed more light into the
involvement of this protein in NTD transport and are essen-
tial to withdraw a conclusion that NTD Xux is largely

controlled by ABCA1 activity. Thus, the variable responses
of the lower ABCA1 expressors may be in line with the
diverse transport system across the cancer cell membrane.

The results of this study have indicated an important role
of ABCA1 as a drug resistance transporter. The results in
previous studies of gene expression analyses with human
tissues have shown that the ABCA1 transporter is highly
expressed in macrophages, small intestine, liver, adrenal
gland, stomach, lung, trachea, placenta, and uterus [25, 26].
Most of these cells or organs are known as proliferative
cells. Consequently, these cells are easily targeted by che-
motherapeutic agents that suppress cell proliferation. It is
predicted that the proliferation of these organs that highly
express the ABCA1 transporter would not be suppressed by
NTD. The results of tumor suppression without apparent
liver damages in our previous study also support this pre-
diction [16]. Together, these results suggest that the
ABCA1 transporter is as one of important factors to evalu-
ate the side eVect of the antitumor drugs.

In conclusion, although it remains to be determined
whether there are speciWc mechanisms involved in the
uptake of NTD, we expect that NTD and its derivatives will
have applications for chemotherapeutic drugs.
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