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Abstract Purpose: We have previously demonstrated
doxorubicin-induced urokinase (uPA) and interleukin-8
(IL-8) expression in human H69 small-cell lung carci-
noma (SCLC) cells by a microarray technique using
Human Cancer Chip version 2, in which 425 human
‘‘cancer-related’’ genes are spotted on the plates. The
microarray analysis also revealed a significant induc-
tion of tumor necrosis factor-alpha (TNF-a), and
doxorubicin-induced macrophage chemoattractant
protein-1 (MCP-1) expression was demonstrated by an
RNase protection assay. We extended the study by
testing the effects of doxorubicin on the induction of
TNF-a, uPA, IL-8 and MCP-1 in other types of lung
carcinoma cells. Methods: We investigated the effects
of doxorubicin on the expression of TNF-a, uPA, IL-8
and MCP-1 in 12 human lung carcinoma cell lines,
including five SCLC, three adenocarcinoma and four
squamous cell carcinoma cells. The surface expression
of their receptors was also investigated. Results: TNF-a
was significantly induced in three cell lines, H69,
SBC-7 (SCLC) and PC-9 (adenocarcinoma), uPA in
five cell lines, H69, SBC-7, EBC-1 (squamous cell),
EBC-2 (squamous cell), and Sq-1 (squamous cell), IL-8
in three cell lines, H69, PC-9 and EBC-1, and MCP-1
in five cell lines, H69, SBC-3 (SCLC), SBC-7, PC-9
and Sq-1. In H69 cells, TNF-a antigen levels were in-
creased approximately fivefold in the conditioned
medium of doxorubicin-treated cells, in parallel with
an increase in mRNA levels. As with uPA and IL-8,

the maximum induction was observed at the ‘‘suble-
thal’’ concentrations of 2 and 4 lM at which cell
growth was slightly inhibited 24 h after treatment.
Furthermore, the cells did not express receptors
including types I and II TNF-a receptors, uPA recep-
tor (uPAR), C-x-C-chemokine receptor-1 (CXCR-1),
or C-C-chemokine receptor-2, corresponding to
TNF-a, uPA, IL-8 and MCP-1, respectively, that were
induced by doxorubicin in the cells, although SBC-7
cells expressed uPAR, and EBC-1 cells expressed
CXCR-1. Conclusions: TNF-a, uPA, IL-8 and MCP-1
induced and secreted from tumor cells upon doxoru-
bicin stimulation may activate surrounding cells
expressing the receptors such as neutrophils and
monocytes/macrophages in a paracrine fashion. TNF-a
is a major proinflammatory cytokine, and IL-8 and
MCP-1 are major chemoattractants for neutrophils
and monocytes/macrophages, respectively. Further-
more, uPA activates matrix metalloproteinase 9 which
can truncate and activate IL-8. Thus, the simultaneous
induction of TNF-a, uPA, IL-8 and MCP-1 may
enhance the interaction between tumor and inflamma-
tory/immune cells, and augment cytotoxicity.
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Cysteine-cysteine Æ C-x-C Cysteine-x-cysteine Æ CCR-2
C-C chemokine receptor-2 Æ CXCR-1 C-x-C chemokine
receptor-1 Æ ELISA Enzyme-linked immunosorbent
assay Æ IL-1 Interleukin-1 Æ IL-6 Interleukin-6 Æ IL-8
Interleukin-8 Æ MCP-1 Macrophage chemoattractant
protein-1 Æ MTT (3-(4,5-dimethylthiazol-2-yl)2,5-
diphenyl tetrazolium bromide Æ PBS Phosphate-
buffered saline Æ ROS Reactive oxygen species Æ SCLC
Small-cell lung cancer Æ TNF-a Tumor necrosis
factor-alpha Æ TNFRI Type I tumor necrosis factor-
alpha receptor Æ TNFRII Type II tumor necrosis
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factor-alpha receptor Æ uPA Urokinase-type
plasminogen activator Æ uPAR Urokinase-type
plasminogen activator receptor

Introduction

We have previously demonstrated the induction of uPA
by IL-1 and lipopolysaccharide with the involvement of
ROS [27]. We have also found that the ROS-generating
anticancer agent, anthracycline, induces uPA and IL-8
in human H69 small-cell lung carcinoma (SCLC) cells by
a microarray technique using Human Cancer Chip
version 2 (Takara Shuzou, Kyoto, Japan) [14, 37]. The
microarray analysis also revealed a significant induction
of tumor necrosis factor-alpha (TNF-a), and doxorubi-
cin-induced macrophage chemoattractant protein-1
(MCP-1) expression was detected by a ribonuclease
protection assay [37].

uPA catalyzes the conversion of zymogen plasmino-
gen to the broad-spectrum serine protease plasmin. In
addition to its role in fibrinolysis, plasmin not only
cleaves extracellular matrix substrates but also activates
promatrix metalloproteinase zymogens [4], and therefore
plays a central role in many aspects of cellular regulation
such as tissue remodeling, inflammation, cell migration
and tumor progression. IL-8 is a cysteine-x-cysteine (C-
x-C) chemokine and acts as a chemoattractant and an
activator of neutrophils [2, 44], whereas MCP-1 is a
cysteine-cysteine (C-C) chemokine and functions mainly
as a chemoattractant of monocytes/macrophages [11,
22]. IL-8 and MCP-1 released from tumors may reduce
the rate of tumor growth by inducing the infiltration of
neutrophils and monocytes/macrophages to the tumor
site [20, 28], although their roles in tumor biology are
controversial because both chemokines are important
regulators in tumor progression and act by enhancing
angiogenesis and metastasis [5, 15, 38].

TNF-a is a pleiotropic cytokine initially identified as
a protein released by endotoxin-stimulated macrophag-
es, although many other types of cells are also able to
synthesize small amounts [24]. The term tumor necrosis
factor originates from the observation that this protein
plays a crucial role in the killing of tumor cells, and it
can induce both necrotic and apoptotic (programmed)
forms of cell death [19, 21]. TNF-a itself induces the
synthesis of other cytokines and chemokines such as IL-
1, IL-6, IL-8 and platelet-activating factor [3, 26, 29, 43].
Its biosynthesis is induced by many inflammatory stim-
uli such as endotoxins, exotoxins, enterotoxins, phorbol
esters and ionizing radiation, and the regulation occurs
at the transcriptional and post-transcriptional levels [1].
Current evidence suggests that these stimuli use ROS as
signaling messengers to activate transcription factors,
such as nuclear factor kappa B (NF-jB) and activator
protein-1 (AP-1), and induce the expression of a number
of genes [9, 32].

Anthracycline is one of the most widely used antitu-
mor agents and is a key drug for treatment of malignant
lymphoma and SCLC. It is readily activated to the
semiquinone radical, and generates ROS [30]. Currently,
increasing evidence suggests that at pharmacological
concentrations, anthracyclines kill tumor cells through
apoptosis by activating a metabolic pathway, but not
through oxidative damage to DNA by crippling cellular
metabolism [10]. Doxorubicin-induced apoptosis ap-
pears to be dependent on RNA synthesis and it is
inhibited by antioxidants, suggesting ROS involvement
in doxorubicin-induced apoptosis [25].

We extended the study by testing the effects of
doxorubicin on the induction of TNF-a, uPA, IL-8 and
MCP-1, in other types of lung carcinoma cells. We
screened a total of 12 human lung carcinoma cell lines,
including five SCLC, three adenocarcinoma and four
squamous cell carcinoma cell lines, and found that upon
doxorubicin stimulation TNF-a, uPA, IL-8 and MCP-1
were induced in three, five, three, and five cell lines,
respectively, but their corresponding receptors were ex-
pressed only at low levels in these cell lines, suggesting
that these factors may influence neutrophils and mono-
cytes/macrophages infiltrating to tumor sites in a para-
crine fashion.

Material and methods

Cell lines

The human lung cancer cell lines used in these experiments were as
follows: five SCLC lines, NCI-H69 (ATCC HTB-119), LK79, LC-
65A, SBC-3 (JCRB0818) and SBC-7 (not yet registered), three
adenocarcinoma cell lines, PC-9, ABC-5 (not yet registered) and
11-18, and four squamous cell lines, EBC-1 (not yet registered),
EBC-2 (not yet registered), Sq-1 and LC-1Sq. LK79, LC-65A,
PC-9, 11-18, Sq-1 and LC-1Sq were kindly provided by Dr. E.
Nakayama (Department of Immunology, Okayama University
Medical School, Okayama Japan) [39], and SBC-3, SBC-7, ABC-5,
EBC-1 and EBC-2 were established in our laboratory [12].

Cell culture

Cells were grown in RPMI-1640 culture medium supplemented
with 10% (v/v) heat-inactivated BSA (Whittaker Bioproducts,
Walkersville, Md.), and 100 U/ml penicillin. Before the experiment,
cells were washed once with PBS, resuspended in serum-free
RPMI-1640 (at approximately 1–2·106/ml) and cultured in a 24-
well culture plate (1 ml/well) with or without doxorubicin. After
24–48 h, cells were mixed well by pipetting and 20 ll of the mixture
from each well was transferred to a 96-well plate containing 80 ll
RPMI-1640, and the cell density was determined by the colori-
metric MTT assay as described by Mosmann [23].

Microarray analysis

To identify the doxorubicin-induced cancer-related genes, we per-
formed a microarray analysis using Human Cancer CHIP, version
2 (Takara Shuzou, Kyoto, Japan) in which 425 human ‘‘cancer-
related’’ genes and 11 control housekeeping genes, listed on the
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home page of Takara Shuzo (http//bio.takara.co.jp/catalog/
DNAchip_Download.htm), were spotted on three separate glass
plates. H69 cells were cultured in fetal calf serum-free RPMI-1640
culture medium in the absence or presence of 2 lM doxorubicin for
9 h. Total RNA was extracted by the acid guanidinium thiocya-
nate-phenol-chloroform method, and then further purified to
mRNA by passing through an oligo-dT column (Oligotex-dT30,
Takara Shuzo). A fluorescent probe was synthesized by incorpo-
rating Cy3- or Cy5-dUTP (Amersham Life Science, Arlington
Heights, Ill.) with the use of 1 lg of the above mRNA as a template
and 50 U AMV reverse transcriptase (Takara Shuzou) as described
previously [14].

uPA activity

uPA activities in the conditioned medium were measured using a
synthetic uPA substrate S-2444 and a plasminogen-containing
fibrin plate (fibrin zymography) as previously described [14].

TNF-a, IL-8 and MCP-1 antigen levels

TNF-a, IL-8 and MCP-1 antigen levels in the conditioned medium
were measured using ELISA kits (Biosource International, Burlin-
game, Calif.). Briefly, cells were washed once with PBS and resus-
pended in serum-free RPMI-1640 at approximately 1–2·106/ml.
The cells were cultured in a 24-well culture plate (1 ml/well) in the
presence of various concentrations of doxorubicin for 24–48 h.

Northern blot analysis

Total RNA was isolated from cells by the acid guanidinium thio-
cyanate-phenol-chloroform method and further purified to mRNA
using an oligo-dT column as described above. The mRNA (2 lg)
was subjected to Northern blot analysis as described by Sambrook
et al. [34]. A cDNA probe for TNF-a was labeled with 32P-dCTP by
a random-primed DNA labeling technique. Levels of mRNA were
quantified by counting radioactivity using a BAS 2000 image
analyzer (Fuji-film Corporation, Tokyo). As a control for differ-
ences in RNA sample loading, filters were rehybridized with a ra-
diolabeled b-actin cDNA probe.

Flow cytometric analysis for detecting the surface expression of
TNFRI and TNFRI, uPAR, CXCR-1 and CCR-2

Approximately 2·106 cells/ml were washed twice with PBS and
suspended in PBS containing 2% BSA. The cells were incubated
with monoclonal mouse antibodies (IgG) against human TNFRI
or TNFRII (Sigma, St. Louis, Mo.), uPAR (American Diagnos-
tic, Hauppauge, N.Y.) and CXCR-1 (Genzyme-Techne Corpora-
tion, Minneapolis, Minn.) for 30 min at 4�C, and then washed
twice with PBS containing 2% BSA. The cells were further treated
with an FITC-conjugated anti-mouse IgG goat antibody (Orga-
non Teknika Corporation, West Chester, Pa.) for 30 min at 4�C,
and after washing twice with PBS containing 2% BSA, the cells
were analyzed on a FACScan (Becton Dickinson, Mountain
View, Calif.). For detecting CCR-2, a phycoerythrin-conjugated
mouse monoclonal anti-human CCR-2 antibody (Genzyme-
Techne) was used.

Statistical analysis

Statistical analysis was done on a DOS/V computer (Sharp Com-
puter, Tokyo, Japan). The results are expressed as means±SE.
Statistical significance was determined using Student’s t-test to
compare unpaired data.

Results

Microarray analysis

We have previously reported doxorubicin-induced uPA
and IL-8 expression in H69 SCLC cells as determined by
microarray analysis [14, 37]. Microarray analysis using
Takara’s human Cancer CHIP, version 2, showed that,
not only uPA and IL-8, but also TNF-a genes were
markedly increased (more than fourfold) after stimula-
tion with 2 lM doxorubicin for 9 h (Fig. 1).

Doxorubicin-induced TNF-a expression
in lung carcinoma cells

Next, to confirm the TNF-a induction, we measured
TNF-a antigen levels in the conditioned medium of
doxorubicin-stimulated H69 cells by ELISA as described
in Materials and methods. As shown in Fig. 2A and B,
doxorubicin increased TNF-a antigen levels in the H69
conditioned medium in a time- and dose-dependent
manner. The peak induction was observed at a sublethal
concentration (2 lM) at which the cell density was
slightly decreased 24 h after treatment. Northern blot-
ting using 2 lg mRNA purified through an oligo-dT
column revealed that TNF-a mRNA levels were in-
creased 2 and 9 h after stimulation with doxorubicin
(Fig. 2C). We then treated 11 other lung cancer cell

Fig. 1 Microarray analysis of changes in gene expression following
doxorubicin treatment. Messenger RNA isolated from H69 cells
cultured in the presence and absence of 2 lM doxorubicin for 9 h
was subjected to microarray analysis using Human Cancer CHIP,
as described in Materials and methods. The TIFF files created by
the Affimetrix 418 Array Scanner were colored using Adobe
Photoshop software (Mountain View, Calif.) and this scatter graph
was drawn using Excel software. Horizontal and vertical axes
indicate the color intensity of Cy3 and Cy5 on a log scale,
respectively. Cy3 and Cy5 indicate mRNA levels in the doxorubi-
cin-untreated and treated cells, respectively
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lines, including four SCLC (LK79, LC-65A, SBC-3 and
SBC-7), three adenocarcinoma (PC-9, ABC-5 and 11-
18), and four squamous (EBC-1, EBC-2, Sq-1 and LC-
1Sq) cell lines, with 2 and 4 lM doxorubicin for 24 h
and measured TNF-a antigen levels in the conditioned

medium. The growth of these cells was slightly inhibited
24 h after treatment with 2 or 4 lM doxorubicin, and
longer treatment had killed most cells by 3 days (data
not shown). TNF-a antigen levels were increased in the
conditioned medium of H69, SBC-7 and PC-9 cells , and
the maximum increases were approximately 5-, 2.7- and
2.5-fold, respectively (Fig. 3).

uPA accumulation in doxorubicin-treated
lung cancer cells

As shown in Fig. 4, uPA activities were significantly
increased after doxorubicin stimulation, and the maxi-
mum increases in H69, SBC-7, EBC-1 EBC-2 and Sq-1
cells were approximately 3.6-, 2.4-, 16-, 3.3-, and
11.5-fold, respectively. This was also confirmed by fibrin
zymography (data not shown).

IL-8 and MCP-1 antigen levels
in doxorubicin-treated cells

Basal IL-8 antigen levels varied between cell types
(Fig. 5A), and upon doxorubicin treatment were mark-
edly increased in H69 cells and significantly increased in
PC-9 and EBC-1 cells (Fig. 5B). As shown in Fig. 6,
basal MCP-1 antigen levels also varied between cell
types, and upon doxorubicin stimulation were markedly
increased in H69 cells and significantly increased in
SBC-3, SBC-7, PC-9 and Sq-1 cells.

Cell surface expression of TNFR I, TNFR II,
uPAR, CXCR-1 and CCR-2

The cell-surface expression of TNFR I, TNFR II,
uPAR, CXCR-1 and CCR-2 was determined using
monoclonal antibodies against TNFR I, TNFR II,
uPAR, CXCR-1 and CCR-2 by flow cytometry as de-
scribed in Materials and methods. As summarized in the
Table 1, uPAR was expressed only on SBC-7 cells, and
CXCR-1 was expressed on EBC-1, but TNFRI,
TNFRII and CCR-2 were not expressed on the surface
of any of the cell types.

Discussion

Studies on the mechanism of doxorubicin-induced
cytotoxicity have demonstrated that doxorubicin can
induce either apoptosis or necrosis through alteration of
mitochondrial structure and activation of the down-
stream apoptotic enzyme, caspase-3 [31], or by directly
intercalating into DNA and destroying its structure,
although the former mechanism appears to be dominant
at pharmacological concentrations [25]. As demon-
strated in this study, doxorubicin induced TNF-a, uPA,
IL-8 and MCP-1 in a number of lung cancer cells

Fig. 2A–C Doxorubicin-induced TNF-a in H69 cells. A Time-
dependent TNF-a induction by doxorubicin stimulation. Approx-
imately 1·106 cells/ml per well of H69 SCLC cells were cultured in
the presence of 2 lM doxorubicin for up to 48 h, and TNF-a
antigen levels were measured using an ELISA kit as described in
Materials and methods. Each experiment was conducted at least
twice in triplicate, and the results were reproducible. B Dose-
dependent doxorubicin-induced TNF-a expression. Approximately
1·106 cells/ml/well of H69 cells were cultured in the presence of
various concentrations of doxorubicin for 24 h, and TNF-a antigen
levels in the conditioned medium and cell density were measured
using an ELISA kit and the MTT assay, respectively, as described
in Materials and methods. Means±SE of triplicate values are
shown. *P<0.05, **P<0.01 vs control values. C TNF-a mRNA
levels in H69 cells after stimulation with 2 lM doxorubicin. TNF-a
mRNA levels were measured by Northern blotting as described in
Materials and methods. The results of one representative of three
independent experiments are shown. A b-actin cDNA probe was
used as an internal control. mRNA (20 lg each) was extracted
from H69 cells collected at the times shown, and subjected to
Northern blotting
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maximally at ‘‘sublethal’’ concentrations. Changes in
gene expression before and after doxorubicin stimula-
tion have been previously examined in human malignant
cells using the microarray technique, and a number of
genes have been shown to be upregulated by either
transient or persistent stimulation [17, 41]. Most of them
overlap, and are directly related to fundamental cell
functions such as cell cycling, signal transduction,
transcription and/or metabolism, and their induction
appears to reduce the apoptotic response to doxorubicin
stimulation. Thus, it may contribute to drug resistance,
although neither report refers to TNF-a, uPA, IL-8 or
MCP-1.

However, these four genes among many ‘‘cancer-re-
lated’’ genes were induced by doxorubicin stimulation as
shown in Fig. 1. Thus, these genes must have a similar
gene expression mechanism. We have previously sug-
gested the involvement of PEA3 transcription factor in

Fig. 3A,B TNF-a antigen levels in doxorubicin-treated lung cancer
cells. Approximately 1–2·106 cells/ml per well of lung cancer cells
were cultured in a 24-well plate for 24 h in the presence or absence
of 2 or 4 lM doxorubicin. A TNF-a antigen levels in the
conditioned medium were measured by ELISA method as
described in Materials and methods. B The relative ratio of antigen
levels in doxorubicin-treated cells was calculated by dividing by the
corresponding value obtained from control unstimulated cells and
the results expressed with the control values arbitrarily set at 1.00.
**P<0.01 vs control values

Fig. 4A, B uPA accumulation in doxorubicin-treated lung cancer
cells. Approximately 1–2·106 cells/ml per well of lung cancer cells
were cultured in a 24-well plate for 24 h in the presence or absence
of 2 or 4 lM doxorubicin. A uPA activities in the conditioned
medium were measured using a synthetic uPA substrate S-2444 as
described in Materials and methods. B The relative ratio of uPA
levels in doxorubicin-treated cells was calculated by dividing by the
corresponding value obtained from control unstimulated cells and
the results expressed with the control values arbitrarily set at 1.00.
*P<0.05, **P<0.01 vs control values
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doxorubicin-induced IL-8 expression in H69 cells [37],
and in fact the consensus motif of PEA3 binding is
found in the promoter region of all TNF-a, uPA, IL-8

and MCP-1 genes [8, 16, 33, 40]. However, these four
proteins were not uniformly induced in the doxorubicin-
treated cells as shown in Table 1, and it is not currently
known why the cells express different levels of these
factors upon doxorubicin stimulation, although epige-
netic alteration such as methylation in the promoter
regions of uPA has been reported to be responsible for
changes in gene expression levels [42].

Over-expression of uPA, as well as IL-8 and MCP-1,
has been shown in chemotherapy-resistant cancer cells
[5, 6, 35], and a close association between high levels of
these factors in tumor tissue and the malignant phe-
notype of the tumor has been reported [13, 15, 38].
Neovascularization in tumor tissue is essential in
invasion and progression of the tumor, and it is regu-
lated by various angiogenic factors such as vascular
endothelial growth factor, basic fibroblast growth fac-
tor and epidermal growth factor, as well as IL-8 and
MCP-1 [43].

However, the effects of uPA, IL-8 and MCP-1 on
tumor progression are unknown. uPA activates matrix

Fig. 5A, B IL-8 antigen levels in doxorubicin-treated lung cancer
cells. Approximately 1–2·106 cells/ml per well of lung cancer cells
were cultured in a 24-well plate for 24 h in the presence or absence
of 2 or 4 lM doxorubicin. A IL-8 antigen levels in the conditioned
medium were measured by an ELISA method as described in
Materials and methods. B The relative ratio of antigen levels in
doxorubicin-treated cells was calculated by dividing by the
corresponding value obtained from control unstimulated cells
and the results expressed with the control values arbitrarily set at
1.00. **P<0.01, ***P<0.001 vs control values

Fig. 6A,B MCP-1 antigen levels in doxorubicin-treated lung cancer
cells. Approximately 1–2·106 cells/ml per well of lung cancer cells
were cultured in a 24-well plate for 24 h in the presence or absence
of 2 and 4 lM doxorubicin. A MCP-1 antigen levels in the
conditioned medium were measured by an ELISA as described in
Materials and methods. B The relative ratio of antigen levels in
doxorubicin-treated cells was calculated by dividing by the
corresponding value obtained from control unstimulated cells
and the results expressed with the control values arbitrarily set at
1.00. **P<0.01, ***P<0.001 vs control values
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metalloproteinase 9 and both can cleave the extracellular
matrix and induce cell detachment. Detached tumor cells
become more sensitive to cytotoxic drugs [36]. IL-8 and
MCP-1 released from tumors may reduce the rate of
tumor growth by inducing the infiltration of neutrophils
and monocytes/macrophages to the tumor sites [15, 20].
As summarized in Table 1, uPAR was expressed only on
SBC-7 cells, and CXCR-1 was expressed on EBC-1, but
TNFR I, TNFR II, and CCR-2 were not expressed on
the surface of any of the cell types, suggesting that
TNF-a, uPA, IL-8 and MCP-1 secreted from tumor cells
upon doxorubicin stimulation essentially act on the
inflammatory/immune cells expressing the receptors in a
paracrine fashion. Thus, the significance of the doxo-
rubicin-induced factors appears to be much more
prominent in the in vivo setting than in simple cell
experiments such as those performed here, because these
factors directly and indirectly interact with each other
and may provoke interaction between tumor and
inflammatory/immune cells.

TNF-a is a major proinflammatory cytokine and
can kill tumor cells, and IL-8 is a major chemokine for
neutrophils and is also chemotactic for T lymphocytes
[18]. uPA activates matrix metalloproteinase 9 which
can truncate and activate IL-8. MCP-1 is a major
chemoattractant for monocytes/macrophages and tu-
mor cell contact itself activates macrophages, and tu-
mor-associated macrophages can secrete TNF-a, IL-1,
IL-8, proteases and ROS to augment cytotoxicity.
Furthermore, increased responsiveness of specific
cytotoxic T cells against implanted lymphoma cells has
been shown in animals treated with combinations of
doxorubicin and TNF-a, and this was correlated with
survival [7]. Therefore, simultaneous expression of
these factors may enhance the antitumor effects of
doxorubicin when used clinically, even if these factors
were maximally expressed at sublethal concentrations
of doxorubicin in a simple cell experiment, although it
should be clarified whether the efficacy of doxorubicin
depends on the inducibility of these factors in tumor
cells.
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