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The NF-xB signaling pathways have a critical role in the development and progression of various cancers.
In this study, we demonstrated that the small cell lung cancer cell line (SCLC) H69 expressed a unique
NF-kB profile as compared to other cancer cell lines. The p105/p50, p100/p52, c-Rel, and RelB protein
and mRNA transcripts were absent in H69 cells but these cells expressed RelA/p65. The activation of

Keywords: H69 cells by lipopolysaccharide (LPS) resulted in the induction of RelB and p100 expression. The treat-
LPS ment also induced the nuclear translocation of RelB without the processing of p100 to p52. Furthermore,
SNCF]:EB LPS-induced B1 integrin expression and cellular attachment through an NF-kB-dependent mechanism.
P65 Blocking RelB expression prevented the increase in the expression of 1 integrin and the attachment
p52 of H69. Taken together, the results suggest that RelB was responsible for the LPS-mediated attachment
RelB and may play an important role in the progression of some cancers.
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Introduction Lipopolysaccharide (LPS) is a complex glycolipid that is a con-

In mammalian cells, there are five nuclear factor kappaB
(NF-xB) family members, RelA/p65, RelB, c-Rel, p105/p50, and
p100/p52, and different NF-kB complexes are formed as either
homo- or heterodimers [1,2]. In resting cells, inactive NF-kB di-
mers are sequestered in the cytosol by IxB family members, which
include IkBa, IkBB, and IkBy [3]. Upon stimulation, NF-kB is gen-
erally activated by either the canonical or non-canonical pathway.
In the canonical pathway, the IkB kinase (IKK) complex phosphor-
ylates the IkB proteins, which leads to IkB degradation and disso-
ciation from the NF-kB complex. The released NF-kB complex
translocates into the nucleus and initiates gene transcription. For
the non-canonical pathway, RelB is sequestered in the cytosol by
p100. After stimulation, the IKK complex phosphorylates and
induces the proteolytic processing of p100 to generate p52. The re-
moval of the ankyrin repeats of p100 allows the RelB/p52 complex
to translocate into the nucleus. Both the canonical and non-canon-
ical pathways are central coordinators of the innate and adaptive
immune response. In addition, it has become clear that the
NF-kB pathway contributes to cancer development, progression,
chemoresistance, invasiveness, and metastasis [4-8].
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stituent of the outer membrane of Gram-negative bacteria. LPS
provides a highly potent stimulus to cells of the immune system
through the toll-like receptor-4 (TLR-4)/NF-xB pathway, resulting
in an increased production of proinflammatory cytokines and the
expression of cell adhesion molecules [9,10]. TLRs are centrally
involved in the initiation of the innate and adaptive immune
response. Recent evidence showed that functional TLRs are also ex-
pressed on a wide variety of tumors suggesting that TLRs may play
an important role in tumor biology [11,12]. For example, the treat-
ment of tumor cells with LPS induced the production of the proin-
flammatory factors, nitric oxide, IL-6 and IL-12, which protected
these cells against cytotoxic T-lymphocytes and natural killer cells
[13]. Moreover, increased resistance to chemotherapy- or tumor
necrosis factor-o. (TNF-o)-mediated apoptosis by TLR-signaling
was observed in myeloma cells and lung cancer cells [14,15]. Fur-
thermore the activation of the TLR-4 pathway in epithelial ovarian
cancer cells resulted in an increase in chemoresistance [16]. In
addition, two earlier studies demonstrated that LPS increased the
expression of iNOS, MMP2, and B1 integrin through the NF-xB
pathway, which contributed to tumor cell invasion and attachment
[17,18]. However, it is still unknown which NF-kB family members
play a central role in the LPS-mediated invasiveness and attach-
ment of cancer cells.

Here, we demonstrate that the SCLC cell line H69 expresses a
unique NF-xB profile as compared to other cancer cell lines.
Protein and mRNA transcript levels of p105/p50, p100/p52, c-Rel,
and RelB were absent in the SCLC cell line H69. Only p65 was
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constitutively expressed. Treatment with LPS activated the NF-xB
signaling pathway, as seen by the induction of RelB and p100
expression. Furthermore, LPS induced the expression of f1 integrin
and cellular attachment through an NF-kB-dependent mechanism.
In addition, B1 integrin expression and attachment in H69 were
dependent on RelB expression.

Materials and methods

Cell culture. Human lung cancer cell lines (H69 and A549),
human T-cell leukemia cell lines (Jurkat and HUT78), human B-cell
lymphoma cell lines (RL and BJAB), and HEK293A cell line were
obtained from ATCC. Cells were cultured in RPMI 1640 with 10%
fetal bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin,
and 2 mM glutamine and incubated at 37 °C in a humidified atmo-
sphere of 5% CO,.

Immunoblotting and immunoprecipitiation. Immunoblot and
immunoprecipitation was performed as previously described
[19]. Unless indicated otherwise in the figure legend, whole cell
lysate (50 pg) was resolved with NuPAGE Novex Bis-Tris Gels
(Invitrogen), transferred to PVDF, and probed with the antibodies
indicated in the figure legends (see Supplemental Table 1 for anti-
body information). The antibodies were detected by chemifluores-
cence and scanned with the Typhoon scanner (Amersham
Biosciences). The membranes were stripped and reblotted with
antibodies against B-tubulin to monitor loading consistency. The
quality of the subcellular fractionation procedure was assessed
by stripping and reblotting the membrane with GAPDH (cytoplas-
mic) and NPM (nuclear) antibodies. For the immunoprecipitation
experiments, cytoplasmic and nuclear extract from LPS-treated
samples were precleared with Protein A/G beads (Santa Cruz Bio-
technology) for 1 h with rotation. The precleared samples were
incubated with three microgram of the indicated antibodies. After
overnight rotation, 40 pl of Protein A/G beads were added for an
additional 4 h. The beads were washed three times with RIPA buf-
fer and then eluted with sample buffer.

Plasmids and transfections. Transient transfections were per-
formed with the Lipofectamine-2000 reagent according to the pro-
tocol provided by the manufacturer (Invitrogen). Cells were
transiently transfected with the dominant negative mutant IxBo-
M (Clontech) or RelB (Open Biosystems) expression plasmids.

Quantitative real-time PCR. Total RNA was isolated with the
RNeasy Mini Kit (Qiagen). Complementary DNA (cDNA) was syn-
thesized from 1 pg of total RNA using SuperScript Il reverse trans-
criptase kit and random hexamers (Invitrogen) in a total volume of
20 pl. One-hundredth of the sample was used in a real-time PCR
reaction containing a 0.2 uM concentration of both forward and re-
verse primers and iTaq SYBR Green Supermix with ROX (Bio Rad).
Quantitation of fold induction was analyzed by the 274" method
[20]. The quantity of each cDNA was normalized to actin. The pri-
mer sequences are listed in the Supplemental Table 2 [21].

Attachment assay. The attachment assay was performed as de-
scribed with the following modifications [18,22]. H69 cells
(0.5 x010° cells) were transfected with the pCMV p-galactosidase
plasmid with or without IkBa-M, RelB, and pEF6 (empty vector)
plasmids. After 4 h incubation, H69 cells were stimulated with
LPS (1 pg/ml) for an additional 68 h. LPS from Escherichia coli sero-
type 0111:B4 was purchased from DIFCO. Adherent cells were then
washed gently with PBS, and analyzed by measuring B-galactosi-
dase activity (Promega). Fibronectin (Sigma) coated-culture flasks
were used for this experiment.

NF-kB p65 transcription factor assay. The DNA binding activity of
P65 was measured by the TransAM NF-kB p65 transcription factor
assay (Active Motif, Carlsbad, CA). The specificity of the DNA bind-
ing assay was determined using NF-kB consensus and mutant
oligonucleotides (Supplemental Fig. 4).

Statistical analyses. Experiments were carried out a minimum of
three times with consistent results. Final results were expressed
as * standard error of mean (SEM). Experimental results were com-
pared by two-tailed, unpaired Student t-tests with significance at
p<0.05.

Results
H69 has a unique NF-kB profile

Several studies have shown that the NF-kB proteins may play a
role in the progression of lung cancer [23,24]. Total cell lysates
from various cancer cell lines were analyzed by immunoblot for
their NF-xB protein profile. As seen in Fig. 1A, all of the cancer cell
lines analyzed expressed two or more of the various NF-kB pro-
teins except for the human SCLC cell line H69 (see lane 5).
Although there were quantitative and qualitative differences
among the various cell lines, the amounts of p105, p100, c-Rel,
RelB, p52, and p50 were significantly lower or not detectable in
H69 (compare lane 5 to other lanes of Fig. 1A). The only NF-xB pro-
tein expressed in H69 was p65. The relative amount of p65 mRNA
transcripts was comparable in all cell lines (Supplemental Fig. 1).
In contrast, the transcripts of the other NF-xB genes were either
absent or barely detectable in H69. Furthermore, a similar expres-
sion profile of NF-kB proteins, with the exception of c-Rel, was
observed with another human SCLC cell line H345 (Supplement
Fig. 2).

LPS stimulation induced RelB and p100

Based on the NF-kB expression profile, we investigated if H69
could respond to stimuli that activate the NF-kB signaling path-
way. To study this, H69 cells were treated with LPS for 24 h and
the induction of NF-xB family proteins was analyzed by immuno-
blot. In particular, it has been shown that transcription of the RelB
gene is regulated by p65 [25]. The treatment of H69 with LPS re-
sulted in the expression of p100 and RelB proteins (Fig. 1B). In
accordance, an increase in p100 and RelB transcripts was observed
following LPS treatment (Supplemental Fig. 3A). Interestingly, an
increase in c-Rel mRNA transcript was also observed; however,
the amount of c-Rel protein did not increase after LPS treatment.
To determine if the induction of RelB and/or p100 by LPS was
dependent on the canonical NF-xB pathway, the non-degradable,
dominant negative IkBot mutant (IkxBo-M) was expressed in H69.
As seen in Fig. 1C, the amount of RelB and p100 protein following
LPS treatment was reduced in cells transfected with IkBo-M. Like-
wise, LPS-mediated induction of RelB and p100 transcripts was re-
duced with the expression of IkBa-M (Supplemental Fig. 3B). In
accordance with the activation of the NF-xB signaling pathway,
an increase in p65 DNA binding activity was observed in H69 cells
following LPS treatment for 2 h (Fig. 1D and Supplemental Fig. 4).
These findings showed that the induction of RelB and p100 by
LPS was dependent on the canonical NF-kB signaling pathway,
and p65 was sufficient for the NF-kB-mediated induction of RelB
and p100 expression by LPS.

The proteolytic cleavage of p100 to p52 is a pivotal step in the
activation of the non-canonical NF-kB pathway, which leads to
the nuclear translocation of the RelB/p52 complex. Since RelB
and p100 were induced following LPS treatment, it was conceiv-
able that the LPS could activate the non-canonical NF-kB pathway.
To further investigate this possibility, the nuclear translocation of
RelB and p52 were analyzed in cytoplasmic and nuclear extracts
from H69 cells treated with LPS. A rapid translocation of p65 into
the nucleus was detected as early as 15 min after LPS treatment
(Fig. 2A, compare the lanes 5-8 of the nuclear p65 panel and Sup-
plemental Fig. 5). In contrast, LPS gradually induced an increase in
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Fig. 1. LPS induced RelB and p100 expression in H69. (A) NF-kB expression profile of H69. Western blot of various NF-kB proteins in seven cell lines. Lane 1, Jurkat (T-cell
leukemia); Lane 2, HUT78 (cutaneous T-cell); Lane 3, RL (diffuse B-cell lymphoma); Lane 4, BJAB (Burkitt’s lymphoma); Lane 5, H69 (small cell lung cancer); Lane 6, A549 (lung
adenocarcinoma); Lane 7, HEK293A (kidney). The molecular weights (KDa) of the marker proteins are indicated at left. (B) Induction of RelB and p100 following LPS stimulation.
Western blot of whole cell lysates from A549 and H69 cells with or without LPS (1 pg/ml) treatment for 24 h. Lane 1, A549; Lane 2, H69; Lane 3, H69 with LPS. (C) IkBa-M
transfection inhibited RelB and p100 induction following LPS treatment. Western blot analysis of whole cell lysates of H69 transfected with either the EV (empty control vector) or
IxkBo-M with LPS (1 pg/ml) for indicated time periods (0, 1, 4, and 24 h). The membranes were probed with the indicated antiserum at right. (D) An increase in p65 DNA binding
activity after LPS treatment. The DNA binding activity of p65 in nuclear extracts of H69 that were either untreated or treated with LPS (1 pg/ml) for 2 h was assessed.

the amount of RelB protein in both the cytoplasmic (see lanes 1-6
in Fig. 2B) and nuclear extracts (see lanes 7-12 in Fig. 2B and Sup-
plemental Fig. 5). Although LPS induced an increase of cytoplasmic
p100, p52 was not detected in either cytoplasmic or nuclear ex-
tracts, which indicated that the p100 was not processed to p52.
These findings suggested that LPS induced the nuclear transloca-
tion of the de novo synthesized RelB in a p52-independent manner.

Several studies have shown that RelB is unstable and does not
form functional homodimers in vivo [13,26]. Without the process-
ing of p100 to p52, our findings suggested that the nuclear translo-
cation of RelB could be facilitated by p65 following LPS treatment.
To investigate this, co-immunoprecipitation experiments of RelB/
p65 heterodimers formation were performed after LPS treatment.
As seen in Fig. 2C, RelB was associated with p65 after LPS treat-
ment. Moreover, the RelB/p65 heterodimer was detected in both
cytoplasmic and nuclear extracts only in LPS-treated cells. Taken
together, these findings suggested that RelB associated with p65
and translocated into the nucleus following LPS treatment in the
absence of p100 processing.

LPS-induced B1 integrin and cell attachment

Previous studies have shown that LPS induced cellular attach-
ment in several cancer cell lines [17,18]. H69 is normally a

non-adherent cell line grown in suspension (Supplement Fig. 6).
An attachment assay was performed on H69 cells treated with
LPS to investigate if LPS could increase cell adhesion in a p65-med-
iated manner. As seen in Fig. 3A and Supplemental Fig. 6, treatment
with LPS resulted in an increase in cell attachment of H69 cells in
wells that were coated with fibronectin. Furthermore, several stud-
ies have shown that integrins promote cell attachment to the
extracellular matrix (ECM). Accordingly, an increase in f1 integrin
transcript and protein were observed following LPS treatment
(Fig. 3B and C). To investigate whether the LPS-induced cell attach-
ment and B1 integrin expression were dependent on the NF-kB
pathway, H69 cells were transfected with IkBo-M and treated with
LPS. Areduction in LPS-mediated cell attachment was observed fol-
lowing the transfection of IkBo-M (Fig. 3A). As expected, the
expression of IkBo-M reduced the amount of LPS-induced B1 inte-
grin transcripts (Fig. 3C). Together, these findings indicated that
the treatment of H69 with LPS resulted in an increase of 1 integrin
expression and cell attachment that was dependent on the NF-xB
pathway.

RelB expression induced attachment and f1 integrin

The treatment of H69 with LPS resulted in the nuclear transloca-
tion of p65, which induced the expression of RelB. It was conceivable
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Fig. 2. Nuclear translocation of p65 and RelB following LPS stimulation. Short (A) and long (B) kinetics of p65 and RelB nuclear translocation following LPS stimulation.
Western blot analysis of cytoplasmic and nuclear extracts of H69 cells stimulated with LPS (1 pg/ml) for the indicated time periods. Twenty five microgram of total protein
was loaded into each well. The membrane was probed with the indicated antiserum (right). The levels of GAPDH and NPM (nucleophosmin) are shown as a fractionation
control of cytoplasmic and nuclear extracts, respectively. (C) Formation of nuclear RelB/p65 heterodimers following LPS treatment. H69 cells were stimulated with or without
LPS (1 pg/ml) for 24 h. Nuclear extracts from cells treated with LPS (1 pg/ml) for 24 h were immunoprecipitated with anti-p65 immunoprecipitates (IP) and then analyzed by

Western blot for the presence of RelB and p65.
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Fig. 3. LPS induced attachment and B1 integrin up-regulation. (A) Attachment assay of H69 treated with LPS (1 pg/ml). Cells were transfected with either EV or IkBa-M
expression plasmid and p-galactosidase reporter plasmid, and then plated in fibronectin-coated wells. The p-galactosidase activity reflects the amount of attachment of
transfected cells as described in the Material and methods Section. (B) Western blot analysis of H69 with LPS (1 pg/ml). The membrane was probed with the indicated
antiserum at right. (C) RTq-PCR analysis of H69 cells cultured in uncoated wells. Cells were treated with LPS (1 pg/ml) for 24 h in uncoated wells. The fold induction

represents the amount of B1 integrin induction over the H69 without LPS.

that RelB was responsible for the induction of f1 integrin expression
and cellular attachment by LPS. To investigate this, RelB was ex-
pressed in H69 without LPS treatment, and cellular attachment
and B1 integrin expression were assessed. The expression of RelB re-
sulted in an increase in cell attachment in wells coated with fibro-
nectin (Fig. 4A). Moreover, an increase in 1 integrin transcripts
was observed following the expression of RelB (Fig. 4B). These find-

ings demonstrated that the expression of RelB was sufficient to in-
duce an increase in cell attachment and B1 integrin transcription.
Furthermore, these results suggested that the action of LPS could
be mediated by the expression of RelB. In agreement, LPS did not in-
duce B1 integrin expression (Fig. 4C) and cell attachment (Supple-
mental Fig. 7) in H69 cells expressing the inhibitory RelB
shRNAmir construct. In contrast, the induction of p100 by LPS, which
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Fig. 4. RelB expression induced attachment and B1 integrin expression. (A) Attachment assay of H69 transfected with either the control vector (EV) or RelB and plated in
fibronectin-coated plates. (B) RTq-PCR analysis of EV and RelB transfected H69 cells. Twenty-four hours after transfection (in uncoated plates), cDNA was analyzed by RTq-
PCR. The fold induction represents the amount of indicated p1 integrin induction over the H69 without transfection. (C) RTq-PCR analysis of control (pGIPZ) and RELB
shRNAmir tranfected H69 cells for RELB, B1 integrin, and p100 transcripts. Total RNA from transiently transfected cells treated with LPS (1 pg/ml) overnight was used to
generate cDNA for RTq-PCR analysis. (D) The relative amount of HIF1-a induction was assessed by RT-qPCR as described in the Materials and methods Section.

is p65- but not RelB-dependent, was not affected in these cells.
Taken together, the expression of B1 integrin and cell attachment
following LPS treatment were dependent on RelB.

It is not clear if RelB directly regulates p1 integrin expression,
although the evidence in this report demonstrated the requirement
of RelB for the induction of g1 integrin by LPS. A recent report has
mapped the promoter region of the 1 integrin (ITGB1) gene and
demonstrated the recruitment and binding of Hypoxia-induced
factor 1 alpha (HIF-1at) to this region [30]. In addition, several stud-
ies have shown that the activation of the NF-kB signaling pathway
by LPS resulted in an increase in HIF-1o expression in normoxic
conditions [31,32]. Furthermore, the regulation of HIF-1a by NF-
KB transcription factors and the recruitment of RelA and RelB to
the HIF-1o promoter were reported [33]. Since the ITGB1 promoter
does not contain NF-kB consensus sequences, it is conceivable that
the LPS-mediated induction of ITGB1 expression could be through
the expression of HIF-1a. In support of this hypothesis, an increase
in HIF-1o0 mRNA transcripts was observed in H69 cells following
LPS treatment (Fig. 4D). Moreover, the LPS-mediated induction of
HIF-1ao was abrogated when RelB expression was inhibited by
the RelB shRNAmir (Fig. 4D). These findings suggested that RelB
indirectly regulated B1 integrin expression through the induction
of HIF-1a.

Discussion

This study has shown that the SCLC line H69 possessed a unique
NF-kB protein profile where p65 is the only NF-xB member

expressed. Further, the expression of p65 was sufficient for the
activation of the NF-kB pathway and the induction of RelB and
p100 following LPS treatment. In addition, an increase in 1 inte-
grin expression and cellular attachment was induced by either
LPS treatment or RelB expression.

The NF-xB expression profile was not unique to H69 and was
observed in another SCLC line H345. In contrast, all of the NF-kB
member proteins were observed in the lung adenocarcinoma cell
line A549. Lung cancers, in general, can be divided into several his-
tologic subtypes, and it is unclear if these findings are common or
are restricted to a subset of small cell lung cancers. The re-exami-
nation of the publicly accessible gene expression profile of tissue
samples from normal and lung cancer patients diagnosed with
the various subtypes [27] has shown that the transcript expression
profiles from SCLC samples expressed lower levels of NF-kB family
members when compared to other subtypes of lung cancer sam-
ples. Although the protein levels were not analyzed, this finding
is consistent with the NF-xB profile observed in H69 and H345.
It is not clear if other SCLC cell lines or patient samples express a
similar NF-xB profile and respond to LPS by expressing RelB and/
or p100.

The treatment of H69 with LPS resulted in the translocation of
p65 and RelB into the nucleus without the proteolytic processing
of p100 to p52. The nuclear translocation of RelB was thought to
require the processing of p100 to p52, and this is a hallmark for
the activation of the non-canonical NF-kB pathway. Our findings
suggested that the nuclear translocation of RelB was independent
of p52 and the non-canonical NF-kB pathway. Immunoprecipita-
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tion analysis following LPS treatment of H69 revealed that RelB
was associated with p65 (Fig 2). It is conceivable that the p65-in-
duced RelB associates with p65 following LPS treatment and this
complex translocates into the nucleus and induces transcription.
Our findings suggested that LPS induced two waves of NF-kB di-
mers based on the kinetics of p65 and RelB (Fig. 4). In general, dur-
ing the initial phase, p65 exists as a homodimer in resting cells (see
Supplemental Fig. 8), which translocates into the nucleus after LPS
treatment. Subsequently, the de novo synthesized RelB associates
with cytosolic p65, which results in the nuclear translocation of
the RelB/p65 heterodimer. It is noteworthy that the induction of
B1 integrin occurred much later than the expression of RelB and
the association between RelB/p65 following LPS treatment. The
interconversion of p65 between the p65 homodimer and p65/RelB
heterodimer may play a pivotal role in regulating the expression of
different subsets of NF-kB responsive genes. It is unclear if the
RelB/p65 heterodimer is transcriptionally active. Marienfeld et al.
[28] have shown that RelB suppressed p65 by forming transcrip-
tionally inactive RelB/p65 heterodimers in several mouse cell lines.
Alternatively, Jacque et al. [29] have shown the RelA (p65) inhib-
ited RelB activity following TNF treatment in mouse fibroblasts.
In both reports, the formation of RelB/p65 heterodimers resulted
in the inhibition of the NF-«B activity. In contrast, our data showed
that the formation of the RelB/p65 heterodimer was associated
with an increase in cell attachment and B1 integrin expression in
an NF-kB-dependent manner. The differences between our results
and the previous reports could be explained based on the species
studied (mouse versus humans). It is more likely that the differ-
ences could be explained by the absence of p105/50 in HE69 cells.
In the prior studies [28,29], the mode of inhibition by either RelB
or RelA was due to the displacement of p50 from the existing
p65/p50 or RelB/p50 heterodimers. This was not observed in our
study due to the lack of p105/50. It is of interest to determine if
the LPS-induced p65/RelB is functional and promotes the tran-
scription of the HIF-1a gene.

Several studies have shown that the NF-xB dimer composition
affects the progression of cancer [5,34]. Here we described the
expression of a unique NF-xB profile in the SCLC cell line H69,
where p65 was the only member expressed. Furthermore LPS stim-
ulation resulted in expression of RelB and p100 and the subsequent
formation of RelB/p65 heterodimers. In addition, LPS treatment or
RelB expression resulted in an increase in f1 integrin expression
and cell attachment. These findings suggested that the induction
of RelB and B1 integrin expression were associated with the pres-
ence of p65 homodimer and RelB/p65 heterodimer, respectively,
following LPS treatment. Furthermore, it is possible that the differ-
ent subclasses of lung cancer can be distinguished from each other
based on their NF-xB expression profile.
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