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Abstract
The recognition of the importance of angiogenesis in tumor progression has led to the development
of antiangiogenesis as a new strategy for cancer treatment and prevention. By modulating tumor
microenvironment and inducing angiogenesis, the proinflammatory cytokine interleukine (IL)-1 β
has been reported to promote tumor development. However, the factors mediating IL-1β-induced
angiogenesis in non-small cell lung cancer (NSCLC) and the regulation of these angiogenic factors
by IL-1β are less clear. Here, we report that IL-1β upregulated an array of proangiogenic CXC
chemokine genes in NSCLC cell line A549 and in normal human tracheobronchial epithelium
(NHTBE) cells, as determined by microarray analysis. Further analysis revealed that IL-1β induced
much higher protein levels of CXC chemokines in NSCLC cells than in NHTBE cells. Conditioned
medium from IL-1β treated A549 cells markedly increased endothelial cell migration, which was
suppressed by neutralizing antibodies against CXCL5 and CXCR2. We also found that IL-1β-
induced CXC chemokine gene overexpression in NSCLC cells was abrogated with the knockdown
of CREB or NF-κB. Moreover, the expression of the CXC chemokine genes as well as CREB and
NF-κB activities were greatly increased in tumorigenic NSCLC cell line compared with normal,
premalignant immortalized or non-tumorigenic cell lines. A disruptor of the interaction between
CREB-binding protein (CBP) and transcription factors such as CREB and NF-κB, 2-naphthol-AS-
E-phosphate (KG-501), inhibited IL-1β-induced CXC chemokine gene expression and angiogenic
activity in NSCLC. We propose that targeting CREB or NF-κB using small molecule inhibitors, such
as KG-501, holds promise as a preventive and/or therapeutic approach for NSCLC.
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Introduction
Lung cancer is the leading cause of cancer deaths both in the United States and worldwide
(1). The growth and development of lung cancer as well as other solid tumors are critically
dependent on a functional vascular supply. Numerous evidence have shown that angiogenesis,
the formation of new blood vessels from the pre-existing vasculature, is one of the critical steps
in the entire process of cancer development from tumor growth to distant metastasis (2–5).
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Also, a study showed that a solid tumor would remain dormant at a volume of only 2 to
3mm3 in the absence of neovascularization and would be unable to metastasize (6). For solid
tumors to develop and to metastasize, they need to secrete a number of proangiogenic factors
to induce the formation of new blood vessels to overcome the physical limitations on the
diffusion of nutrients and oxygen within the tumor—a process known as angiogenic switch
(3). Recognizing the importance of angiogenesis in the growth of tumors has led to the
development of antiangiogenesis as a new strategy for cancer therapy and prevention, a novel
concept termed “angioprevention” (7–9). Actually, a series of molecules proposed as
chemopreventive agents have been shown to have potent antiangiogenic properties when tested
in in vitro and in vivo angiogenesis models (7).

Angiogenesis can be regulated by various growth factors and cytokines, including vascular
endothelial growth factor (VEGF), basic fibroblast growth factor, transforming growth factors
α and β, platelet-derived endothelial cell growth factors, chemokines and interleukine (IL)-1β
(10–14). Recent studies have shown the importance of the tumor microenvironment in
facilitating angiogenesis and promoting tumor invasion and metastasis (15–19). Once a tumor
is vascularized, the tumor-associated antigens can be recognized by the immune system and
the tumor is infiltrated by leukocytes. Although leukocyte infiltration in tumors is often
considered to be associated with better prognosis and overall survival, studies have also shown
that inflammatory cells can promote tumor cell proliferation, angiogenesis, metastasis and
hence, tumor development (15,16). Leukocyte infiltration can influence angiogenesis in
tumors, because some subsets of leukocytes, especially the tumor-associated macrophages, can
secrete both angiostatic and angiogenic factors (17,18). IL-1 is a proinflammatory cytokine
produced mainly by monocytes and macrophages. There are two IL-1 agonistic proteins,
IL-1α and IL-1β. IL-1α is a precursor or membrane-associated molecule and is primarily a
regulator of intracellular events and a mediator of local reactions. On the other hand, IL-1β
acts as a systemic, hormone-like mediator and is only active in a secreted mature form.
However, once these two proteins bind to their receptors, they have similar biological activities
(20). Both IL-1α and IL-1β can promote tumor angiogenesis, but the role of IL-1β is more
evident (14). IL-1 has been shown to contribute to the production of proangiogenic factors
VEGF, hepatocyte growth factor, tumor necrosis factor and CXC chemokines (14,21).
Members of a subfamily of CXC chemokines sharing a characteristic glutamatelecine-arginine
(ELR) motif near the N-terminus of the molecule are chemoattractants for neutrophils and are
important for wound repair. The ELR-positive chemokines, including CXCL1, CXCL2,
CXCL3, CXCL5, CXCL6, CXCL7 and CXCL8, are pro-angiogenic, whereas members of
another subfamily lacking the ELR motif—ELR-negative chemokines, such as CXCL4,
CXCL9, CXCL10, and CXCL11—are in general interferon-inducible and are potential
inhibitors of angiogenesis. Generally, CXCR2 is the receptor for angiogenic CXC chemokine-
mediated angiogenesis, and CXCR3 is the receptor for angiostatic interferon-inducible CXC
chemokine inhibition of angiogenesis (13). CXC chemokine ligands and receptors have been
demonstrated to play important roles in mediating NSCLC-associated angiogenesis and organ-
specific metastases (13). Recently, it has been reported that CXCL5 and CXCL8 protein level
were elevated in tumor specimens freshly isolated from patients with NSCLC and that these
two ELR-positive CXC chemokines are important mediators of angiogenesis during NSCLC
tumorigenesis (22,23). Compared with CXCL8, CXCL5 was reported to have a higher degree
of correlation with NSCLC-derived angiogenesis (23). In a model system of human NSCLC
tumorigenesis in severe combined immunodeficiency mice, CXCL5 expression was found to
be directly correlated with tumor growth, tumor-derived angiogenesis, and metastatic potential.
Depletion of CXCL5 in this model system resulted in attenuation of both tumor growth and
spontaneous metastasis due to the inhibition of angiogenesis (23).

Being a product of tumor infiltrated macrophages, IL-1β is known to increase angiogenesis.
However, in NSCLC, what angiogenic factors are induced by IL-1β and how they are regulated
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by IL-1β are still not clear. To elucidate these critical issues, we performed a microarray
analysis to determine the effect of IL-1β on global gene expression in the NSCLC
adenocarcinoma cell line A549 and in normal human tracheobronchial epithelium (NHTBE)
cells. We found that IL-1β dramatically induced the expression of an array of proangiogenic
CXC chemokine genes and significantly augmented the angiogenic activity of NSCLC. In
addition, we found that transcription factors CREB and NF-κB both play critical roles in the
regulation of IL-1β-induced CXC chemokine gene expression and angiogenic activity.

Materials and Methods
Cell cultures, chemicals and conditioned media (CM)

NHTBE cells were purchased from Cambrex (Walkersville, MD) and cultured in six-well
plates as described previously (24–28). Human umbilical vein endothelial Cells (HUVECs)
were purchased from Cambrex and maintained in EGM complete endothelial growth medium.
HUVECs were used at passage 4. The human NSCLC cell lines A549, H1734, H226, and
H2170, were obtained from the American Type Culture Collection (Manassas, VA) and grown
in RPMI 1640 medium containing 10% fetal bovine serum, 100 units/ml penicillin, and 100µg/
ml streptomycin. The BEAS-2B, 1799, 1198, and 1170-I human bronchial epithelial (HBE)
cell lines were obtained from Dr. R. Lotan (The University of Texas M. D. Anderson Cancer
Center, Houston, TX) and Dr. A. Klein-Szanto (Fox Chase Cancer Center, Philadelphia, PA)
and grown in Keratinocyte Serum-Free Medium (Life Technologies, Inc., Gaithersburg, MD)
containing epidermal growth factor and bovine pituitary extract (29). All of the cells were
cultured at 37°C in a humidified atmosphere of 95% air and 5% CO2. Conditioned media (CM)
were generated as follows: NSCLC cells (3 × 105/ml) were cultured in RPMI 1640 medium
containing 0.5% fetal bovine serum with or without IL-1β and/or 2-naphthol-AS-E-phosphate
(KG-501) at different concentrations for 24 h. Cell-free supernatants were collected and stored
at −70°C until use.

Reagents and antibodies
IL-1β, Quantikine® CXCL5 and CXCL8 Enzyme-Linked ImmunoSorbent Assay (ELISA)
kits and neutralizing antibodies against CXCL5, CXCL8, CXCR2, and VEGF were purchased
from R&D Systems (Minneapolis, MN). KG-501 was purchased from Sigma-Aldrich (St.
Louis, MO) and dissolved in dimethyl sulfoxide. Antibodies against NF-κB p65, CREB and
phospho-CREB (Ser133) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA) and Upstate (Billerica, MA), respectively. A monoclonal antibody against β-actin was
from Sigma-Aldrich. Transwell chambers with polyethylene terephthalate membranes
containing 8-µm pores were obtained from BD Biosciences (Bedford, MA).

Microarray analysis
After confluence, NHTBE and A549 cells were treated with control medium or the same
medium containing 2.5 ng/ml of IL-1β for 8 h prior to total RNA extraction. Total RNA was
isolated using the RNeasy mini Kit (Qiagen, Valencia, CA). The integrity of mRNA and the
relative rRNA contamination were analyzed using the RNA 6000 Nano LabChip (Agilent
Technologies, Santa Clara, CA) and the Agilent 2100 bioanalyzer (Agilent Technologies). The
RNA from control group was amplified and labeled with cyanine 3 and the RNA from IL-1β
treated cells with cyanine 5. Equal amount of the differently labeled RNAs were then mixed
and hybridized with 44K whole human genome oligonucleotide microarrays (Agilent
Technologies). After hybridization, the arrays were scanned and the resulting images were
analyzed using the Agilent feature extraction software program (GE2, version 5.91; Agilent
Technologies).
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Quantitative RT-PCR (qPCR)
Validation of the differentially expressed genes in NHTBE and NSCLC cells was performed
using an iCycler real-time PCR detection system (Bio-Rad, Hercules, CA) with gene-specific
primers. Primers for human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the
reference gene, were 5'-TGCACCACCAACTGCTTAGC (forward) and 5'-
GGCATGGACTGTGGTCATGAG (reverse), for CXCL1 were 5'-
AGTGACAAATCCAACTGACC (forward) and 5'-GATGCTCAAACACATTAGGC (reverse),
for CXCL2 were 5'-CCCAAGTTAGTTCAATCCTG (forward) and 5'-
TTCCTCAGCCTCTATCACAG (reverse), for CXCL3 were 5'-
CTTGTCTCAACCCCGCATCC (forward) and 5'-TCTGGTAAGGGCAGGGACCA (reverse),
for CXCL5 were 5'-TCCAATCTCCGCTCCTCCAC (forward) and 5'-
AGCAGCAGCAGCACCAACAG (reverse), for CXCL6 were 5'-
GTTTGTCTGGACCCGGAAGC (forward) and 5'-TCCGCTGAAGACTGGGCAAT (reverse),
for CXCL8 were 5'-GCATAAAGACATACTCCAAACC (forward) and 5'-
ACTTCTCCACAACCCTCTG (reverse), and for CREB were 5'-
AAGCTGAAAACCAACAAATGACAGTT (forward) and 5'-TGAACTGTCTGCCCATTGG
(reverse). Single-stranded cDNAs were synthesized in 50 µl of reverse transcription (RT) mix
containing 1 µg of total RNA using the GeneAmp RNA PCR Core Kit (Applied Biosystems,
Foster City, CA) according to the manufacturer’s instructions. PCR analysis was performed
using 25 µl of volumes with SYBR Green PCR Core Reagents (Applied Biosystems). Primers
(200 nM) and RT mix (2 µL) were used in each PCR. Each sample was assayed in triplicate
per PCR run, and the experiment was repeated three times. The cycling conditions were an
initial denaturation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 15 s, and
elongation at 60°C for 60 s. The real-time PCR data were analyzed using the comparative Ct
method.

Transfection of small-interfering RNA against NF-κB p65 and transduction of lentiviral short
hairpin RNA against CREB

SMARTpool-sequenced small-interfering RNA (siRNA) targeting human NF-κB p65
(GenBank accession no. NM_021975) and nonspecific control pool siRNA were purchased
from Dharmacon RNA Technologies (Lafayette, CO) and diluted to 20 µM. NSCLC cells at
50% confluence were transfected with siRNA for NF-κB p65 or control siRNA at a final
concentration of 50 nM and 100 nM using the LipofectAMINE 2000 transfection reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Seventy two hours
after transfection, the cells were treated with IL-1β for 8 h. Total protein and RNA were
collected from each sample.

For CREB-targeting viral short hairpin RNA (shRNA) delivery, the lentiviral plasmid pLKO.
1 with a shRNA clone against CREB (Clone ID: TRCN0000011085) was purchased from Open
Biosystems (Huntsville, AL). The pLKO.1 plasmid with a scrambled shRNA sequence and
virus packaging plasmids (psPAX2 and pseudo-typing plasmid pMD2.G) were obtained from
Addgene (Cambridge, MA). HEK 293T cells were obtained from the American Type Culture
Collection. HEK 293T cells at 50% confluence were co-transfected with pLKO.1 and virus
packaging plasmids using FuGENE 6 transfection reagent (Roche Applied Science,
Indianapolis, IN). After transfection for 16 h, the medium containing the transfection agent
was replaced with fresh growth medium. Viral particles were then collected from the medium
every 24 h for twice. The virus titer in the pooled suspension was determined by counting the
puromycin-resistant colonies in the virus-transduced culture. For knockdown of CREB, cells
at 50% confluence were incubated with viral suspension at a multiplicity of infection of about
50 for 16 h. Four days after transduction, the cells were treated with IL-1β for 24 h, and total
protein and RNA were collected from the cells.
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Migration assay
HUVECs (5 × 104) were suspended in serum-free RPMI 1640 medium and seeded in the
transwell chambers coated with gelatin. CM from NSCLC cells were applied in the outer
chambers. HUVECs were incubated at 37°C in 5% CO2 for 16 h. Following the incubation,
cells were fixed in 90% ethanol and stained with 0.1% crystal violet. Nonmigrated cells on the
upper surface of the chamber filters were removed by swabbing, and the cells that had migrated
through the filter were photographed under a microscope and quantified using the ImageJ
software program (National Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij).

Western blot analysis
Western blot analysis of target proteins was performed as described previously (30). Equal
amounts of protein (30 µg) were resolved using 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The mouse monoclonal antibody against human NF-κB p65 was diluted
in 5% nonfat milk at a ratio of 1:200 and rabbit polyclonal antibodies against human CREB
and pCREB were diluted at a ratio of 1:1000 and incubated with the membranes overnight at
4°C. Proteins reactive with the primary antibody were visualized with a horseradish
peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary antibody and enhanced
chemiluminescence reagents (Amersham Bioscience, Piscataway, NJ).

Measurement of CXC chemokine protein secretion
The levels of secreted CXC chemokines in the conditioned media were measured with immuno-
dot blotting and ELISA. Immuno-dot blotting was performed as described before (24,28).
Briefly, the conditioned media were applied to a nitrocellulose membrane using the Manifold
I Dot-Blot System (Scheleicher & Schuell, Keene, NH). The membrane was then probed with
anti-human CXCL5 and CXCL8 antibodies and the target proteins were detected using
chemiluminescence and quantified with densitometry. ELISA was performed with
Quantikine® CXCL5 and CXCL8 ELISA kits (R&D Systems) according to manufacturer’s
instruction. Both measurements were normalized against the cell number.

Chromatin immunoprecipitation (ChIP) analysis
ChIP assay was performed using EZ ChIP kits (Upstate) according to manufacture’s
instruction. Briefly, NHTBE, BEASE-2B, 1799, 1198, and 1170-1 cells were grown in plate
with normal media and chromatins were cross-linked by reaction with 1% formaldehyde for
10 min. The cross-linked chromatins were fragmented by sonication and subsequently
immunoprecipitated with anti-CREB (Upstate) or anti-NF-κB (p65, Santa Cruz). The DNA in
the precipitate was purified and used as the template for PCR. The primers for CXCL5 promoter
with NF-κB binding site were 5'-TAGAGGTGCACGCAGCTCCT (forward) and 5'-
GAGCACTGTGGCTTCCTCGT (reverse); for CXCL5 promoter with CREB binding site were
5'-CTGGACACACGTATACTTGC (forward) and 5'-GGCAGGTCATTCTAGGTTTC (reverse);
for CXCL8 promoter with both CREB and NF-κB binding sites were 5'-
AAAACTTTCGTCATACTCCG (forward) and 5'-AAAGTTTGTGCCTTATGGAG (reverse).
PCR products were then separated in 1.2% agarose gel and stained with GelRed (Biotium,
Hayward, CA).

Statistical analysis
Each experiment presented in the figures was repeated three or more times. The data are
presented as the mean ± standard error (SE). Comparisons between groups were evaluated
using analysis of variance and a two-tailed Student’s t-test. P<0.05 were considered statistically
significant.
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Results
Microarray analysis revealed an array of CXC chemokine genes upregulated by IL-1β in
NHTBE and A549 cells

To identify IL-1β-responsive genes involved in angiogenesis and tumorigenesis in NSCLC,
we used total RNA isolated from NHTBE and A549 cells treated with or without 2.5 ng/ml of
IL-1β for 8 hours to generate cRNA for microarray hybridization and analysis using 44K whole
human genome oligonucleotide microarrays. Analysis of the resulting microarray images using
the Agilent feature extraction software program showed that expression of six CXC chemokine
genes, CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, and CXCL8, was commonly upregulated
in response to IL-1β in both NHTBE and A549 cells (p<0.001). As expected, we also saw that
the expression of another angiogenic gene, VEGF, was upregulated by IL-1β in both NHTBE
and A549 cells (Table 1). To confirm that these microarray data reflect the IL-1β-induced gene
expression, we examined the expression of CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, and
CXCL8 genes in NHTBE and A549 cells using qPCR. Indeed, expression of all of these CXC
chemokine genes was strongly induced after stimulation by IL-1β, and the qPCR results agreed
with the microarray analysis results (Table 1).

IL-1β differentially regulates CXCL5 and CXCL8 protein secretion in NHTBE and NSCLC cells
According to the microarray and qPCR data, IL-1β stimulated the gene expression of
angiogenic CXC chemokines in both NHTBE and A549 cells. We next verified whether such
induction of gene expression was indeed translated into the protein secretion in these cells. For
this purpose, we focused on CXCL5 and CXCL8, as they reportedly have dominant angiogenic
effects in lung cells. Using the immuno-dot blot assay, we detected the secretion of CXCL5
and CXCL8 in the CM from all four NSCLC cell lines (H226, H2170, A549 and H1734) treated
with or without IL-1β. However, by the same method, the secretion of CXCL-8 in NHTBE
cells was only detected in IL-1β treated cells, but not in the untreated cells, and the CXCL5
protein was not detectable even with IL-1β treatment (data not shown). We verified such
differential expression of angiogenic CXC chemokines between tumor and normal cells with
ELISA (Fig. 1A, B). Again, we observed a significantly greater expression of CXCL5 and
CXCL8 in tumor cells than in normal cells, especially, with the induction of IL-1β (Fig. 1B).
This result indicated that although IL-1β increases CXCL5 mRNA level in both normal
epithelial cells and lung cancer cells, only the lung cancer cells produce significant level of
CXCL5 chemokine protein. As A549 cells produced substantial amount of both CXCL5 and
CXCL8, we used A549 cells as a model system to further explore the effect of IL-1β on
angiogenesis.

To further assess the response of CXCL5 and CXCL8 gene expression to IL-1β treatment, we
measured the time and dose effect of IL-1β on A549 cells. The level of CXCL5 and CXCL8
transcription peaked at 4 h after IL-1β stimulation (Fig. 2A), indicating that the cells responded
to IL-1β by rapidly inducing the expression of CXC chemokine genes. We found that CXCL5
mRNA expression was induced significantly even with IL-1β at 0.1 ng/mL. CXCL8 mRNA
expression reached a plateau at 2.5 to 5.0 ng/ml of IL-1β treatment (Fig. 2B). We confirmed
this dose-dependent response by measuring the CXCL protein secretion with ELISA (Fig.
2C).

IL-1β significantly augments the angiogenic activity of NSCLC by inducing the expression
of angiogenic CXC chemokine genes

As IL-1β up-regulates the expression of important angiogenic CXC chemokine genes in
NSCLC, we inferred that IL-1β may enhance the net angiogenic activity of NSCLC. To test
this possibility, we performed an endothelial cell (HUVEC) migration assay with CM from
A549 NSCLC cell lines treated with or without IL-1β. As shown in Fig. 3A (a and b), compared
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with the CM from untreated A549 cells, the CM from IL-1β treated cells (A549/IL-1β)
markedly increased the angiogenic activity as assessed by migration of HUVECs. Similar
results were observed with CM prepared from IL-1β treated H1734 cells (data not shown).
These data clearly indicated that IL-1β significantly augments the net angiogenic activity of
NSCLC as measured by the chemotactic activity of endothelial cell. Next, we hypothesized
that the increased migration of HUVECs in response to CM from A549/IL-1β cells was
attributable to the observed increased expression of angiogenic CXC chemokine genes in
NSCLC cells induced by IL-1β. To test this, we performed a HUVECs migration assay with
CM from A549/IL-1β cells in the presence of neutralizing antibodies against CXCL5, CXCL8,
CXCR2, and VEGF. We found that migration of HUVECs was reduced significantly in the
presence of neutralizing antibodies against CXCL5 and CXCR2 (Fig. 3A [d and f]). However,
we did not observe the similar effect on antibodies against CXCL8 and VEGF (Fig. 3A [e and
g]). These results suggested that IL-1β induced-angiogenic activity of NSCLC is mainly
attributable to the induced expression of CXCR2-dependent CXC chemokines, most likely
CXCL5.

NF-κB and CREB mediate IL-1β-induced CXC chemokine gene expression
To investigate the mechanism underlying the IL-1β-induced CXC chemokine gene expression,
we focused on the transcription factors mediating this effect. Sequence analysis of the
promoters of these CXC chemokine genes indicated the potential binding sites for NF-κB,
AP-1, AP-2, AP-3, Sp1, interferon regulatory factor-1 (IRF-1), hepatic nuclear factor 1
(HNF-1), and CREB (Fig. 4A) (31–34). Because IL-1β activates NF-κB and CREB, and the
NF-κB site and CRE-like sites are located in the promoters of CXCL1, CXCL2, CXCL3,
CXCL5, and CXCL8 genes, we sought to determine whether CREB and NF-κB mediate
IL-1β-induced CXC chemokine gene expression in NSCLC cells. For this purpose, we
abrogated NF-κB and CREB gene expression in A549 and H1734 cells by either transfecting
the cells with a siRNA for NF-κB p65 or transducing the cells with a lentivirus containing the
shRNA for CREB (shCREB). We confirmed that the NF-κB and CREB protein levels were
knocked down by more than 80% after siRNA transfection or viral transduction in these two
cell lines (Fig. 4B). We then treated the cells with IL-1β and measured the CXC chemokine
gene expression levels in the cells. Real-time PCR results showed that IL-1β-induced CXC
chemokine gene expression decreased significantly after knockdown of NF-κB (Fig. 4C). At
the same time, shCREB-transduced cells had no or a much less significant response to IL-1β
in the induction of CXC chemokine gene expression when compared with the non-transduced
control or scrambled shRNA-transduced cells (Fig. 4D). These findings suggested that both
CREB and NF-κB mediate IL-1β-induced CXC chemokine gene expression in NSCLC cells.

The expression level of CXC chemokine genes is associated with the development of lung
cancer

To investigate if the angiogenic CXC chemokine genes are involved in the development of
lung cancer, we measured the expression level of CXCL5 and CXCL8 in an in vitro lung
carcinogenesis model (IVLCM) which includes normal (NHTBE), immortalized (BEAS-2B
and 1799), transformed (1198) and tumorigenic (1170-I) HBE cells. The qPCR results (Fig.
5A) showed that these two CXC chemokine genes were differentially expressed in the cell lines
of IVLCM, with progressive increase from NHTBE to BEAS-2B and 1799, and then further
to 1198 and 1170-I. As we demonstrated that CREB and NF-κB regulate CXC chemokine gene
expression, we examined whether the activities of these transcription factors correspond to the
expression levels of CXCL5 and CXCL8 in these IVLCM cells. Western blot analysis and
qPCR data showed that both the activity and the expression level of of CREB were gradually
increased with the progression of tumor development in the IVLCM (Fig. 5B and C). The
similar pattern was also observed with NF-κB level (data not shown). Such trend of change
was consistent with the tendency of their expression levels of CXCL5 and CXCL8. We further
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performed ChIP assay to determine whether CREB and NF-κB regulate the gene expression
of these two chemokines in the IVLCM cells. The results of ChIP assay (Fig. 5D) demonstrated
that CREB bound to the promoter regions of both CXCL5 and CXCL8 in all these cells; and
that while NF-κB also bound to the CXCL8 promoter in all these cells, its binding to the CXCL5
promoter was only detected in the tumorigenic (1170-I) cells. These results indicated that the
expression of the angiogenic CXC chemokine genes in theses cells is well correlated with the
progression of lung cancer from normal to invasive phenotype and which might further
associated with their inherent activities of CREB and NF-κB.

KG-501 inhibits the endothelial cell migration induced by CM from IL-1β-treated NSCLC cells
via the suppression of CXC chemokine gene expression in NSCLC cells

In looking for inhibitors that can block IL-1β-induced endothelial cell migration, we focused
on the agents targeting the transcription factors NF-κB and CREB. It has been reported that
KG-501 is a small molecule which binds to the transcription coactivator CBP and blocks the
interaction of CBP with the active form of CREB, phospho-CREB (35). KG-501 can also
inhibit NF-κB transcription activity because NF-κB also utilize CBP as a co-factor to regulate
gene expression (36). Based on our results that CREB and NF-κB could mediate IL-1β-induced
CXC chemokine gene expression in NSCLC cells, we hypothesized that KG-501 could
suppress the expression of these CXC chemokine genes and inhibit the endothelial cell
migration induced by CM from NSCLC/IL-1β cells. As shown in Figure 6A and B, the
migration of HUVECs induced by CM from A549 cells treated with IL-1β plus 10 µM of
KG-501 was significantly lower than that induced by CM from A549 cells treated with IL-β1
alone (p<0.05). Next, we evaluated the effect of KG-501 on the transcriptional and proteomic
level of CXC chemokines induced by IL-1β. At 10 µM, KG-501 suppressed the expression of
all of the IL-1β-induced CXC chemokine genes except CXCL8 (Fig. 6C). For the protein level,
we measured the expression of CXCL5 and CXCL8, in A549 cells. KG-501 significantly
suppressed IL-1β-induced CXCL5 protein secretion. However, its effect on IL-1β-induced
CXCL8 protein secretion was not consistent with its concentration, with a stimulatory effect
at low concentrations, but a slightly inhibitory effect at high concentration. (Fig. 6D). Similar
effects of KG-501 were also observed in H1734 cell line (data not shown).

Discussion
In the present study, we demonstrated that the proinflammatory cytokine IL-1β upregulates
expression of an array of proangiogenic CXC chemokine genes in the NSCLC cell lines and
that both of the transcription factors, CREB and NF-κB can mediate this upregulation. IL-1β
augments the angiogenic activity of NSCLC as manifested by the ability of CM from IL-1β
treated cells to induce endothelial cell migration. Our finding that the transcription factor CREB
and NF-κB mediates IL-1β-induced CXC chomokine gene expression extends our knowledge
about the mechanism of the angiogenic factors gene regulation and provides new potential
target for angioprevention. Finally, the findings that the small molecule KG-501 significantly
suppressed IL-1β-induced CXC chemokine gene expression and in turn reduced the CM-
induced endothelial cell migration indicate that KG-501 may have therapeutic and preventive
potential for NSCLC.

Our data showing that IL-1β upregulates the expression of angiogenic CXC chemokine genes
and augments the angiogenic activity of NSCLC are consistent with the previous reports on
the role of CXCR2 and its ligands in promoting tumor-associated angiogenesis and early
development of NSCLC (22,23,37–40). In an in vivo study using murine Lewis lung cancer
heterotopic and orthotopic tumor model system with CXCR2−/− versus CXCR2+/+ mice,
researchers demonstrated that the tumors in CXCR2−/− mice exhibited reduced growth,
increased necrosis, inhibited tumor-associated angiogenesis, and reduced metastatic potential

Sun et al. Page 8

Cancer Prev Res (Phila). Author manuscript; available in PMC 2009 October 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(37). Similar to our finding that a neutralizing antibody against CXCR2 blocked CM-induced
endothelial cell migration, the report showed that a specific neutralizing antibody against
CXCR2 inhibited tumor growth, increased necrosis, and reduced tumors vessel density in
CXCR2+/+ mice (37). Furthermore, studies showed that CXCL5 and CXCL8 play dominant
role in promoting angiogenesis in patients with NSCLC (22,23,40). While CXCL8 was the
first angiogenic ELR-positive CXC chemokine discovered in NSCLC, CXCL5 reportedly has
a higher degree of correlation with NSCLC-derived angiogenesis (23). In our study, using the
neutralizing antibodies, we observed that CXCL5 neutralization inhibited the migration of
endothelial cells to the same degree as did CXCR2 neutralization. We failed to see this
inhibitory effect using the CXCL8-neutralizing antibody, indicating that CXCL8 produced by
A549 cells in response to IL-1β may not be sufficient to induce endothelial cell migration. Our
experiment using KG-501 further supported such observation, as this small molecule blocked
endothelial cell migration without affecting the CXCL8 level in CM. In addition, another
angiogenic factor, VEGF, may play only a minor role in inducing endothelia cell migration in
NSCLC, as neutralization of which could not inhibit the migration of HUVECs. Because high
levels of CXCL5 and CXCL8 protein expression were detected in IL-1β-treated NSCLC cells,
but only a very low level of CXCL5 protein was induced in NHTBE cells, we speculated that
IL-1β may induce an angiogenic response only in NSCLC tumor cells but not in surrounding
normal cells.

It is well documented that IL-1β upregulates the expression of the proangiogenic CXC
chemokine genes and that NF-κB is the common transcription factor that mediates this effect
(31,41,42). All of the angiogenic CXC chemokine gene promoters contain a putative cis-
element that is recognized by the NF-κB family of transcriptional factors (31–33,43).
Consistent with these findings, our results showed that after knockdown of NF-κB p65 by
siRNA transfection, both basal and IL-1β-induced expression of CXC chemokine genes
decreased dramatically in A549 and H1734 cells. IL-1β can also regulate gene expression
through the transcription factor CREB. Previously, we reported that IL-1β activates the
mitogen-activated protein kinase (ERK1/2)/mitogen- and stress-activated protein kinase/
CREB pathway and regulates MUC5AC gene expression in human airway epithelial cells
(30). Sequence analysis of the CXC chemokine gene promoters identified a CRE or CRE-like
domain in the gene promoters of CXCL1, CXCL2, CXCL3, CXCL5, and CXCL8 (31,32,34).
In the present study, we showed that NSCLC cells with CREB knockdown were much less
responsive to IL-1β than cells without such knockdown in terms of the induction of angiogenic
CXC chemokine gene expression. We further confirmed the binding of CREB to the CXCL5
and CXCL8 promoters with ChIP assay. These data suggested that CREB can also regulate
the expression of CXC chemokine genes. It have been reported that cyclooxygenase (COX)-2
is critical for IL-1β-induced angiogenesis both in vitro and in vivo through the production of
prostanoids, such as PGE2 and thromboxane A2 (44). In addition, Pold et al. (40) reported that
COX-2 contributes to the progression of NSCLC tumorigenesis by enhancing the expression
of CXCL5 and CXCL8. Since COX-2 expression is also regulated by CREB in many cell types,
including lung cell lines (45–48), CREB may regulate CXC chemokine gene expression
through multiple mechanisms which need to be further delineated. Also, the interaction
between CREB and NF-κB in regulating the expression of these chemokine genes should be
further investigated, as these two transcription factors may compete with each other for the
binding to CBP or work synergistically to affect the outcome of gene regulation (49).
Additionally, the response elements for CREB and NF-κB on the promoter of CXCL8 gene
are consecutively located, which further complicated the interaction of these two transcription
factors and might have also contribute to the perplexing pattern of CXCL8 expression in
response to KG-501 treatment.

In the IVLCM cell lines, we detected that the expression of the angiogenic CXC chemokine
genes CXCL5 and CXCL8 increased progressively from normal (NHTBE), immortalized
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(BEAS-2B and 1799) and transformed (1198) to tumorigenic (1170-I) HBE cells. This is not
unexpected because the angiogenic CXC chemokines CXCL5 and CXCL8, have been reported
to be elevated in NSCLC tissues and their expression is related to tumor progression (23,50,
51). Recently, accumulating evidences show that CXC chemokines induce tumorigenesis
through stimulating cell proliferation, mediating cell survival, promoting angiogenesis, and
facilitating tumor cell migration and invasion (13,52). Also, we detected that the expression
and activation of CREB increased correspondingly with the tumorigenicity in these IVLCM
cell lines. The consistency of the expression and activation of these factors with the expression
of angiogenic CXC chemokine genes in IVLCM confirmed the regulation of CXC chemokine
genes by CREB and NF-κB, and lent support to their involvement in lung carcinogenesis.
CREB has been known for its role in cell proliferation and survival (53–55). We have recently
reported that the basal activity and expression level of CREB are commonly higher in a number
of NSCLC cell lines versus normal cells, and the inhibition of CREB transcription activity
induces apoptosis in these NSCLC cells by suppressing the expression of CREB-regulated
genes that are involved in cell proliferation (56). Moreover, we have accumulated data from
archived tumor tissue specimens showing that the CREB and p-CREB level are commonly
higher in the lung tumor tissues versus the adjacent normal tissues (57). By demonstrating the
role of CREB in tumor angiogenesis, the current study further suggests that CREB can be an
effectual target for therapy as well as prevention of NSCLC.

KG-501 is a small molecule that binds to the KIX domain of CBP (35). It disrupts the interaction
of CBP with CREB and inhibits the CREB-dependent activation of cellular genes. KG-501
can also disrupt the interaction of other factors with CBP, such as NF-κB (35). Our finding
that KG-501 reduced the NSCLC/IL-1β conditioned medium-induced migration of HUVECs
by down-regulating the expression of the ELR-positive CXC chemokine genes in NSCLC cells
indicates that KG-501 can be used as therapeutic and/or preventive agent for inhibiting tumor-
associated angiogenesis in NSCLC. Although the CXCL8 promoter contains both a NF-κB-
binding site and a CRE-like motif, and our knockdown experiments shows that the depletion
of either factors reduced IL-1β-induced CXCL8 expression (Fig. 4C and D), KG-501 was not
able to effectively inhibit CXCL8 gene expression and protein secretion. Since KG-501
disrupts CREB- or NF-κB-CBP interaction, the regulation of CXCL8 gene by these factors
may be mediated via a CBP-independent mechanism. A recent study demonstrated that the
transcriptional activity of CREB on CXCL8 promoter requires a different coactivator, termed
transducer of regulated CREB (TORC1) (34), suggesting a different regulatory mechanism
beyond the binding of CREB to CRE. Nevertheless, CXCL8 did not seem to play a critical
role in the induction of HUVECs migration as evidenced by the results of CXCL8
neutralization, therefore KG-501 can still effectively inhibit the NSCLC/IL-1β CM-induced
HUVECs migration.

Our findings also implicated a positive association between chronic obstructive pulmonary
disease (COPD) and lung cancer. COPD is a product of chronic inflammation which leads to
tissue damage and physiological adaptations (58,59). It has been known for years that local
inflammation in the lungs plays an important role in airway remodeling and parenchymal
destruction which are effects typified by COPD (59). It is now well recognized that in addition
to lung inflammation, patients with COPD frequently demonstrate persistent low-grade
systemic inflammation, with the characteristic release of pro-inflammatory mediators, such as
IL-1β and tumor necrosis factor-α, into the circulation (60). Considerable evidences have
associated chronic inflammation with cancer development. Our finding that CREB and NF-
κB regulation of proangiogenic CXC chemokines in response to proinflammatory cytokine
IL-1β may provide novel mechanistic linkage between COPD and the development of lung
cancer.
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In summary, IL-1β increases the angiogenic activity of NSCLC by upregulating the expression
of an array of proangiogenic CXC chemokine genes which subsequently induce endothelial
cell migration. The transcription factors CREB and NF-κB both can mediate this effect,
suggesting that these two transcription factors are involved in tumor-associated angiogenesis,
and therefore could be potential targets for the angioprevention in NSCLC. We also conclude
that the small molecule KG-501 neutralizes the effect of NSCLC/IL-1β-conditioned medium
on endothelial cell migration by inhibiting CREB and NF-κB transcriptional activity which
resulted in the down-regulation of CXC chemokine genes expression in NSCLC cells,
suggesting that KG-501 may be used as a therapeutic and angiopreventive agent for NSCLC.
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Figure 1. IL-1β differentially regulates CXCL5 and CXCL8 protein secretion in NHTBE and
NSCLC cells
NHTBE, H226, H2170, H1734 and A549 cells were treated with 2.5 ng/ml of IL-1β for 24
hours. CM was collected from above cell lines. The concentrations of (A) CXCL5 and (B)
CXCL8 in CM were measured using ELISA. Results were normalized according to the cell
number. Data were expressed as the mean ± SE.
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Figure 2. IL-1β stimulates CXCL5 and CXCL8 gene expression and protein secretion in A549 cells
in a time- and dose-dependent manner
A, A549 cells were incubated with control medium or with medium containing 2.5 ng/ml of
IL-1β for the indicated times. Total RNAs were collected from the cells and expression of the
indicated genes was measured using qPCR. GAPDH was used as an internal control for
normalizing the RNA loading. B, A549 cells were incubated with IL-1β at the indicated
concentrations for 8 h. Total RNAs were collected from the cells for qPCR. C, Culture media
were collected from A549 cells with treatment as in (B) and the concentrations of CXCL5 and
CXCL8 were measured with ELISA Data were expressed as the mean ± SE. *, p<0.05; **,
p<0.01; ***, p<0.001 compared with untreated control.
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Figure 3. IL-1β significantly augments the angiogenic activity of NSCLC by inducing the expression
of angiogenic CXC chemokine genes
A, CM was collected from A549 cells treated with either control medium (a) or medium
containing 2.5 ng/ml of IL-1β (b) for 24 h and CM from IL-1β-treated A549 cells was
preincubated with 10 µg/mL of non-immune IgG (c) or an anti-CXCL5 monoclonal antibody
(d) or an anti-CXCL8 monoclonal antibody (e) or an anti-CXCR2 monoclonal antibody (f) or
an anti-VEGF monoclonal antibody (g) at 37°C for 1 h. A migration assay was performed by
stimulating HUVECs with the indicated CM as described in Materials and Methods. Migrated
dells were photographed after 16 h of incubation at 37°C. B, Image analysis of HUVECs
migration was quantified using the ImageJ software program. Data were expressed as the mean
± SE. *, p<0.05.
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Figure 4. NF-κB and CREB mediate IL-1β-induced CXC chemokine gene expression
A, Transcription factor binding domains located in the gene promoters of CXCL1, CXCL2,
CXCL3, CXCL5, and CXCL8. B, A549 cells were transfected with siRNA for NF-κB p65 or
transduced with shCREB lentivirus; none-transduced cells and cells transfected with control
siRNA/transduced with scrambled shRNA were used as controls. Proteins were extracted from
the cells 72 h after transfection or 96 h after transduction. NF-κB and CREB protein expression
levels were detected using western blot analysis. β-actin protein was probed as a loading
control. C, A549 and H1734 cells were transfected with siRNA for NF-κB p65, and cells
transfected with control siRNA were used as control. Seventy-two hours later, the cells were
treated either with control medium or medium containing 2.5 ng/ml of IL-1β for 8h. D, A549
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and H1734 cells were transduced with shCREB, and non-transduced cells and cells transduced
with scrambled shRNA were used as controls. Ninety-six hours later, the cells were treated
with or without 2.5 ng/ml of IL-1β for 24h. Total RNAs were isolated from the cells in (C)
and (D). Real-time PCR was performed with specific primers for the indicated genes. Data
were expressed as the mean ± SE. *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 5. The expression of CXC chemokine genes and CREB is associated with the development
of lung cancer
A and B, Total RNAs from NHTBE and sub-confluent cultures of BEAS-2B, 1799, 1198 and
1170-I were extracted and the expression of designated genes were quantitated with real-time
PCR using specific primers. Each specific gene expression was normalized with the expression
level of GAPDH. Data were expressed as the mean ± SE. C, Whole cell lysates (20 µg/lane)
were isolated from NHTBE and IVLCM cell lines, and the levels of phospho-CREB (p-CREB)
and total CREB were measured by immunoblot analysis. D, CREB and NF-kB binding on
CXCL 5 and CXCL 8 promoter. ChIP assay was performed with chromatins prepared from
NHTBE, BEASE-2B, 1799, 1198, and 1170-1 cells. The binding of CREB or NFkB to the
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CXCL promoter was detected by the visualization of PCR product. The single bands detected
in input samples indicate the specificity of the PCR primers.
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Figure 6. KG-501 suppresses NSCLC/IL-1β CM-induced migration of HUVECs by regulating
IL-1β-induced CXC chemokines gene expression in NSCLC cells
A, HUVECs migration was induced with CM from A549 cells treated with control medium
(a) or medium containing 2.5 ng/ml of IL-1β (b) or 10 µM of KG-501 (c) or 2.5 ng/mL of
IL-1β plus 2.5 µM of KG-501 (d) or 2.5 ng/mL of IL-1β plus 5 µM of KG-501 (e) or 2.5 ng/
mL of IL-1β plus 10 µM of KG-501 (f) in serum-free medium for 24h. B, Quantification of
image analysis for the HUVECs migration assay. C, Total RNAs were isolated from cells with
the treatment described in (A), and real-time PCR was performed to measure the expression
level of the indicated genes. D, The concentration of CXCL5 and CXCL8 protein in the CM
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was measured with ELISA. Results were normalized according to the cell number. Data were
expressed as the mean ± SE. **, p<0.01; ***, p<0.001.
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