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Abstract Lung cancer is a leading cause of cancer-re-
lated death in the United States. For this reason we
chose to study the speci®c cellular e�ects that one che-
motherapeutic agent, paclitaxel, has on lung carcinoma.
In addition to its known mechanism of action, which is
to stabilize microtubules, paclitaxel has been shown to
have other interesting and relevant cellular e�ects. In
this report, we demonstrate that a subset of human lung
carcinoma cell lines respond to paclitaxel treatment with
an up to a ®vefold increase in the production of inter-
leukin-8 (IL-8). We demonstrate that this increased
production is speci®c to IL-8 but not to other chemo-
kines, and is both dose- and time-dependent. Increased
IL-8 mRNA is seen as early as 45 min with a peak at 4 h
after paclitaxel treatment. This increase in mRNA is due
to transcriptional activation because actinomycin D
treatment blocked the increase. Paclitaxel also activates
the mitogen-activated protein kinase family member,
JNK1, in dose-dependent fashion. IL-8 enhancement is
completely abolished with the use of an inhibitor of NF-
jB, the super-repressor IjB. Similar results were ob-
tained upon the inhibition of AP-1 activation with the
MEK1/2 inhibitor, U0126. By gaining a better under-
standing of the di�erences in cellular response to pac-

litaxel chemotherapy, these ®ndings might lead to either
improved patient selection or to the development of
adjuvant therapy targeted at speci®c-cell signaling pro-
teins.
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Introduction

Lung cancer is the leading cause of cancer-related death
in the United States. Estimates in the United States for
1999 of 171 600 new cases and 158 900 deaths illustrate
the high case/fatality rate of the disease [18]. Approxi-
mately 80% of these cases can be grouped under the
heading of non-small-cell lung carcinoma (NSCLC) [19].
Although surgical resection of stage 1 NSCLC can result
in a 70% 5-year survival, the majority of cases have
more advanced disease [17]. There is clearly a need for
both improved detection and adjuvant therapy in the
treatment of NSCLC. Several new classes of chemo-
therapy have been developed and are being studied as
potential therapies for NSCLC.

Two members of the taxane family, paclitaxel and
docetaxel, are being used either alone or in combination
regimens for the treatment of NSCLC. Both agents are
known to stabilize microtubules thereby inhibiting nor-
mal mitosis [23]. Used alone, paclitaxel has been shown
to have response rates of 10%±36% and 1-year survival
rates of 33%±42% in patients with NSCLC [9]. A re-
sponse rate of 32% and a 1-year survival of 39% was
achieved in patients receiving paclitaxel in combination
with cisplatin [11].

In addition to its e�ects on microtubules, paclitaxel
has other cellular e�ects. It induces expression of tumor
necrosis factor TNF and interleukin-1 (IL-1) in murine
macrophages [4, 7, 16] and IL-8 in human ovarian car-
cinoma [12, 13]. IL-8, an 8-kDa protein, is a known
chemokine for neutrophils [2]. In addition, interleukin-8
has other tumor-speci®c growth e�ects. Depending on
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cell type, IL-8 has been shown to either enhance growth,
as in the case of melanoma [24], or inhibit growth, as in
a subset of NSCLC [26]. Equally unclear role IL-8 is
known to play as an angiogenesis factor in human lung
carcinoma [1, 25].

In the work we report, we chose to study what e�ects
paclitaxel has on chemokine production in a group of
NSCLC cell lines as a result of the potentially advan-
tageous e�ects of IL-8 in inhibiting NSCLC tumor
growth. We found that paclitaxel up-regulates IL-8
synthesis in a subset of human lung carcinoma. The
e�ect of paclitaxel is speci®c as it does not a�ect the
synthesis of other chemokines. We also provide evidence
that this up-regulation is transcription-dependent. Fur-
thermore, paclitaxel induces c-Jun kinase (JNK1) acti-
vation in a dose-dependent manner. In addition, we
provide two approaches to inhibit IL-8 production
through inhibition of upstream cell signaling proteins
involving the NF-jB and mitogen-activated protein
kinase (MAPK) pathways.

Materials and methods

Drugs and cell culture

Four human NSCLC cell lines (squamous cell H157, adenocarci-
noma H1437, alveolar cell H358, and adenocarcinoma A549) were
used for our experiments. The NSCLC lines were grown in RPMI
medium with 10% fetal calf serum, penicillin and streptomycin.
Paclitaxel (Sigma) and the MAPK inhibitor, U0126 (Promega),
were reconstituted in dimethylsulfoxide (DMSO), which was then
used as our negative control. Actinomycin D (Sigma) was pur-
chased and used in its soluble form.

Plasmid constructs

The adenovirus IjB super-repressor was a gift from the laboratory
of Dr. Albert Baldwin, at the University of North Carolina.

Paclitaxel treatments

For each IL-8 protein enzyme-linked immunosorbent assay
(ELISA), the cells were trypsinized, counted and plated in 12-well
plates at a concentration of 2 ´ 105 cells/well. Following 24±48 h
incubation, they were treated for variable amounts of time with
either paclitaxel or DMSO. The supernatants were harvested,
centrifuged to remove large cellular debris and stored at )70 °C
until ELISA was performed. As noted in individual experiments,
cells were incubated with 10 lM U0126 for 1 h prior to paclitaxel
treatment.

IL-8 ELISA

A matched pair of human IL-8 antibodies (Endogen) was used in a
standard sandwich ELISA. Brie¯y, 96-well microtiter plates were
coated overnight with the coating antibody diluted in phosphate-
bu�ered saline (PBS). The following day, each well was blocked for
1 h with 200 ll assay bu�er (PBS with 4% bovine serum albumin).
The cell supernatants were then diluted and incubated in duplicate
wells with the biotinylated antibody for 2 h. A streptavidin±alka-
line-phosphatase conjugate was added and incubated for 30 min,
followed by the substrate, P-nitrophenyl phosphate (Bio-Rad) in
carbonate bu�er. The plates were read at 405 nM and concentra-
tions determined with the use of an IL-8 standard.

Northern hybridization

RNA was isolated by the guanidinium isothiocyanate and cesium
chloride method as previously described [5]. Total RNA (5±10 lg)
was electophoresed in a denaturing gel and transferred to a
nitrocellulose ®lter overnight. IL-8 and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) cDNA probes were hybridized to
the Northern blots as previously reported [21].

RNase protection assay

Instructions were followed for the RiboQuant multi-probe RNase
protection assay system purchased from PharMingen. The human
chemokine set hCK-5 was selected because it contained probes for
MIP1a, MIP1b, MCP, and IL-8.

c-Jun kinase (JNK) assay

For the kinase experiments, tumor cells were plated and allowed to
reach 60%±70% con¯uence. Following 2 h of paclitaxel treatment,
cells were washed twice with ice-cold PBS and lysed with 2 ml lysis
bu�er (1% Nonidet-40, 1% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 0.15 M NaCl, 0.01 M sodium phosphate pH 7.2,
2 mM EDTA, 50 mM sodium ¯uoride, 0.2 mM sodium vanadate,
and 100 U/ml aprotinin). The cell lysates were then aspirated
repeatedly through a 21-gauge needle to shear DNA. Following
15 min on an Eppendorf rocker at 4 °C, the lysates were centrifuged
at 12,500 rpm for 15 min. The imunocomplex kinase assay was
then performed as described in detail previously [14]. Anti-c-Jun
antibodies were purchased from Santa Cruz Biotechnology.

Results

Paclitaxel induces IL-8 synthesis in a subset
of NSCLC lines

Four NSCLC cell lines were screened for their ability to
synthesize IL-8 in response to paclitaxel (Fig. 1). In the

Fig. 1 Screening of four non-small-cell lung cancer (NSCLC) cell
lines for interleukin-8 (IL-8) induction in response to paclitaxel. Four
NSCLC cell lines were screened for their ability to synthesize IL-8 in
response to paclitaxel treatment. Each cell line was treated with two
di�erent doses of paclitaxel and incubated for 6 h. The supernatant
was collected and assayed for IL-8 by enzyme-linked immunosorbent
assay (ELISA). The numbers re¯ect the mean of triplicate wells with
duplicate experiments. DMSO dimethylsulfoxide
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squamous cell carcinoma, H157, treatment with a con-
centration of 30 lM for 6 h resulted in a 5-fold increase
in the amount of IL-8 in the supernatant, as measured
by the ELISA. Identical treatment of an adenocarcinoma
cell line, H1437, resulted in a smaller but measurably
increased amount of IL-8 at the same assay time. In two
other cell lines, H358 and A549, there was no measur-
able increase in IL-8 after 6 h of paclitaxel treatment.
Since H157 had the greatest response in the initial
screening, subsequent experiments were performed to
study the characteristics of paclitaxel's e�ects. A time
course of paclitaxel treatment revealed increased levels
of IL-8 in the supernatant as early as 3 h after treatment
(Fig. 2), indicating that this is a relatively early response.
Longer treatment further enhanced IL-8 induction, with
sustained enhancement detectable 18 h after treatment.
There was a 3.3-fold increase at 3 h, a 6.6-fold increase
at 6 h, a 6.0-fold increase at 9 h and a 5.2-fold increase
at 18 h.

To determine the molecular level of IL-8 induction by
paclitaxel, Northern hybridization was performed.
There were higher levels of IL-8 messenger RNA in the
paclitaxel-treated H157 cell line than in the DMSO
control (Fig. 3A). The concentration of paclitaxel used
for this experiment was 30 lM, which resulted in the
highest amount of IL-8 in the supernatant. A notable
increase was seen as early as 30 min following treatment,
reaching a peak after 4 h. The nitrocellulose ®lters were
stripped of their IL-8 cDNA probe and re-hybridized
with a probe for GAPDH as a control for RNA loading.

Paclitaxel causes the de novo synthesis
of IL-8 transcripts

The enhanced level of IL-8 could be due to either tran-
scriptional activation of the gene or enhanced message
stabilization. Actinomycin D inhibits de novo RNA
synthesis and is expected to block paclitaxel-mediated
IL-8 induction if the induction is transcriptionally acti-

vated. After 4 h of paclitaxel treatment, there were in-
creases in IL-8 mRNA in cells treated with 3 lM or
30 lM paclitaxel (Fig. 3B). Co-treatment with actino-
mycin D resulted in minimally detectable amounts of
IL-8 mRNA with either DMSO or paclitaxel, suggesting
that the paclitaxel-induced increases are dependent on
de novo RNA synthesis. To demonstrate equal loading
of RNA, ethidium bromide staining of 28S and 18S
RNA is shown. This indicates that paclitaxel a�ects IL-8
synthesis at the level of transcriptional activation. As
further evidence that paclitaxel treatment stimulates
de novo IL-8 synthesis, we measured IL-8 protein levels
in the supernatant with and without actinomycin D
treatment (Fig. 4). Actinomycin D reduced the levels of
IL-8 in the supernatant in the DMSO-treated wells by
50%. While there was a 2.5-fold increase in the paclit-
axel-treated wells over the control, co-treatment with
actinomycin D abolished this induction and resulted in a
decrease in IL-8 levels comparable to those resulting
from DMSO and actinomycin D treatment alone.

Paclitaxel induces IL-8 production but does not
a�ect other measured chemokines

To determine if the increase in IL-8 message was a
speci®c e�ect, we performed an RNase protection assay

Fig. 2 Time course of IL-8 synthesis. H157 cells were treated with
and without 30 lM paclitaxel and the supernatants were assayed
by ELISA. Details given in legend to Fig. 1

Fig. 3A, B IL-8 mRNA production in response to paclitaxel
treatment. A Northern blot of H157 cells treated with either
30 lM paclitaxel or DMSO control during a time course. A probe
for glyceraldehyde-3-phosphate dehydrogenase was used to con-
®rm equal RNA loading. B Northern blot of H157 cells treated
with 30 lM paclitaxel for 4 h in the presence or absence of
actinomycin D. The ethidium-bromide-stained gel is shown to
con®rm equal RNA loading
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to screen for the presence of mRNA of other chemo-
kines. As expected, an increased level of IL-8 mRNA
was observed following 4 h of paclitaxel treatment in
both the H157 and H1437 cell lines (Fig. 5). There was
no similar increase in the H358 cell line, which agrees
with the protein levels measured by ELISA. No detect-
able RNA was seen for the other chemokines/cytokines,
Ltn, RANTES, IP-10, MIP-1a, MIP-1b, MCP-1, or I-
309 in all three of the cell lines. Therefore, the e�ects of
paclitaxel are speci®c to IL-8 and not to several other
important chemokines.

JNK1 is activated by paclitaxel

In prior studies, we demonstrated that paclitaxel acti-
vated JNK1 in ovarian carcinoma cells [14]. Further-
more, the inhibition of JNK1 with a dominant-negative
mutant resulted in decreased IL-8 promoter activity. To
determine if paclitaxel was capable of activating JNK1
in a similar fashion in human lung carcinoma, we
performed an in vitro immunocomplex kinase assay.
Following 2 h of paclitaxel treatment, there was no
signi®cant change in JNK activation upon treatment
with the lowest dose of paclitaxel (10 nM) as compared
to the DMSO control (Fig. 6). However, at the higher
doses of 1 lM and 10 lM, there was a signi®cant
increase in JNK activation in the H157 cell line.

Paclitaxel induces IL-8 transcription through
the NF-kB and AP-1 pathways

Transcriptional induction of the IL-8 gene has been
shown to depend on the transcription factors NF-kB
and AP-1, although this dependence varies with cell
type. Our previous analysis of ovarian carcinoma indi-
cates that NF-kB is induced [14]. Further, the AP-1
protein, activated through the MAPK/JNK pathway
is crucial for IL-8 induction in these cells. To address
whether NF-kB and MAPK activation enhances IL-8 in
NSCLC, we chose to use speci®c inhibitors of these
signaling pathways. An adenoviral construct containing
the super-repressor IjB was used to block activation of
the transcription factor NF-jB. As a positive control for
NF-jB activation, cells were concurrently treated with
TNF, a known activator of NF-jB. Forty-eight hours
following adenoviral transduction the cells were treated
with paclitaxel and TNF (20 ng/ml) for 6 h. Increases
in IL-8 protein in the supernatant were 2.5-fold in the
paclitaxel-treated wells and 4-fold in the TNF-treated
wells (Fig. 7A). In the cells previously transduced with
the adenoviral construct of IjB, there was a marked
decrease in the amount of IL-8 protein despite either
paclitaxel or TNF treatment. Densitometry analysis of
the Western blot con®rmed a 3-fold increase in the levels
of IjBa in the cells transduced with the super-repressor
(data not shown).

A speci®c inhibitor to MEK-1/2, U0126, was then
used to determine if an intact MAPK kinase (MEK)/
ERK pathway was required for IL-8 synthesis in our cell

Fig. 4 Actinomycin D blocks paclitaxel-mediated IL-8 induction.
H157 cells were treated with either DMSO or 30 lM paclitaxel in
the presence or absence of actinomycin D for 6 h. The supernatants
were harvested and IL-8 ELISA was performed

Fig. 5 Paclitaxel-mediated IL-8 induction is a speci®c e�ect. RNA
was harvested from three NSCLC cell lines that had been treated
with either DMSO (D) or 30 lM paclitaxel (T) for 4 h. An RNase
protection assay using the RiboQuant multi-probe RNase protec-
tion assay system was then performed

Fig. 6 Paclitaxel activates c-Jun kinase (JNK1) in a dose-dependent
fashion. H157 cells were treated with varying doses of paclitaxel for
2 h. The cell lysates were harvested and an in vitro immunocom-
plex kinase assay was performed
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line. A 3-fold increase in IL-8 protein was seen in the
paclitaxel-treated H157 cells as compared to the control
(Fig. 7B). In the wells pre-treated for 1 h with the MEK
inhibitor, there was a reduction of IL-8 protein levels of
62% in the DMSO-treated wells. This inhibitor com-
pletely eliminated the paclitaxel induction of IL-8.
U0126 does not appear to be toxic to the cells at this
dose level as growth rates are una�ected by the inhibitor
(data not shown).

Discussion

In this report, we show that paclitaxel induces IL-8
synthesis in a subset of human lung carcinoma cell lines.
We provide evidence that this increase correlates with
increased transcription. Furthermore, by blocking up-
stream targets of the IL-8 promoter we are able to block
de novo production e�ectively. It will be important to
study what e�ect increased IL-8 production by human
lung cancer cells has on their growth potential. In ad-
dition, it will be important to know whether the acti-

vation of NF-jB or AP-1, seen in response to paclitaxel
treatment, has any e�ects relating to cell survival.

IL-8 is known to have con¯icting roles in tumor bi-
ology. It was ®rst described as a chemotactic factor for
neutrophils. Following overexpression of IL-8 in either
Chinese hamster ovarian cells [10] or human ovarian
cells [15] there is greatly decreased tumor growth in vivo.
This decreased growth has been associated with and
thought to be due to increased neutrophilic in®ltration
at the tumor site. IL-8 is also known to have growth
e�ects. Singh et al. demonstrated that recombinant IL-8
could promote growth of a melanoma cell line which
could be blocked in the presence of a polyclonal anti-
body [24]. In NSCLC, Wang et al. reported decreased
proliferation in clones of a commonly studied cell line
A549 that expressed higher amounts of IL-8 [26]. In the
same report, they showed decreased tumor proliferation
in three other NSCLC cell lines treated with recombi-
nant IL-8. Because of the biological roles IL-8 may play
in controlling tumor growth, enhancing proin¯amma-
tory cell in®ltration and in antiogenesis, it is of interest
to examine its induction by chemotherapeutic agents.

The transcription factor, NF-jB, binds to the
promoter region of several cytokines such as TNF, IL-1,
IL-6 and IL-8 [3]. It has been previously shown to be
active in response to paclitaxel treatment. Paclitaxel
treatment results in translocation of NF-jB to the nu-
cleus in murine macrophages [20] and human NSCLC
[6]. In addition, our laboratory has previously outlined
the speci®c regions on the IL-8 promoter in an ovarian
cell line that are required for activation by paclitaxel,
including NF-jB and AP-1 [13].

Perhaps more relevant clinically is that NF-jB acti-
vation may play a role in tumor survival in response to
chemotherapy in certain cell types. By inhibiting NF-jB
with the super-repressor IjB, Wang et al. demonstrated
that they could render chemoresistant tumors more
susceptible to both TNFa and the chemotherapeutic
agent CPT-11 [28]. In our prior work involving ovarian
carcinoma, the super-repressor IjB, did not have any
e�ect on the tumor-killing e�ects of paclitaxel in a
paclitaxel-sensitive cell line. Current work is underway
to study whether the inhibition of NF-jB activation in
NSCLC will lead to improved paclitaxel killing. It is
possible that the NF-kB induced by paclitaxel may, in
part, explain why, in general, there is a much lower
clinical response seen in NSCLC than in other cancers.

It is clear from this work and prior work that pac-
litaxel treatment results in activation of AP-1 in both
ovarian and NSCLC cell lines. In an e�ort to block AP-
1 in this study, we used the MAPK inhibitor, U0126,
which was developed to inhibit AP-1 transactivation [8].
In the same work, Favata et al. showed that U0126 acts
as a speci®c inhibitor of MEK 1 and 2. The inhibition of
MEK 1 and 2 leads to decreased activation of their
downstream kinases ERK 1 and 2 and its downstream
substrate, the transcription factor Elk-1. Decreased ac-
tivity of this transcription factor would lead to decreased
induction of the AP-1 subunits, c-Jun and c-Fos. The

Fig. 7A, B Inhibitors of NF-jB and AP-1 block IL-8 induction in
NSCLC. A H157 cells were infected with the IjB super-repressor
adenovirus; 48 h following infection the cells were treated with
either DMSO or 30 mM paclitaxel for 6 h. The cell supernatant
was then analyzed by ELISA for IL-8 concentration. B H157 cells
were pre-treated with either DMSO or 10 lM U0126 for 1 h.
Subsequently, cells were treated with either DMSO or 30 lM
paclitaxel for 6 h and the supernatant was analyzed as above
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decreased IL-8 seen in the U0126 pre-treated cells is
likely due to decreased AP-1 activation. We did not,
however, study the e�ects of U0126 on NF-jB activa-
tion. A similar ®nding was made by Sano et al. when
they showed that treatment of endothelial cells with
ICAM-1 induced the production of IL-8 and RANTES
mRNA. They were able to block IL-8 induction with the
MEK inhibitor PD98059 [22].

The other relevant aspect of paclitaxel treatment is
its known ability to activate the stress-activated pro-
tein kinase (SAPK)/JNK MAPK pathway in a variety
of tumor cell lines [14, 27]. Prior work in our labo-
ratory showed that paclitaxel activates JNK1 in a
dose- and time-dependent manner in ovarian cancer
cells. In this work, we extend that observation to
include NSCLC. In our work in ovarian carcinoma,
we showed that the inhibition of JNK activation with
the transient transfection of a dominant-negative
mutant resulted in markedly decreased paclitaxel-
mediated cell killing [14]. It is possible that tumor-
speci®c di�erences in the induction of apoptosis may
help explain some of the di�erences seen in clinical
response to paclitaxel.

In summary, we report increased IL-8 induction in
paclitaxel-treated human lung carcinoma cells. By elu-
cidating the signi®cance of this increased IL-8 synthesis
we can better understand how paclitaxel treatment
might be in¯uencing tumor growth. In addition, by
demonstrating di�erent transcription factors and signal
transduction pathways that are activated we may be able
to decipher how paclitaxel a�ects other cellular pro-
cesses important for proliferation and apoptosis. Fur-
thermore, by understanding under what clinical
circumstances IL-8 in¯uences tumor growth, we may be
able to modulate IL-8 synthesis with the use of a similar
strategy to that used in our current study.
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