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Abstract
We and others previously demonstrated that nicotine, a major component of tobacco, stimulates non
small cell lung carcinoma (NSCLC) proliferation through nicotinic acetylcholine receptor (nAChR)-
mediated signals. Activation of peroxisome proliferator-activated receptor gamma (PPARγ) has been
shown to inhibit NSCLC cell growth, but the exact mechanisms responsible for this effect remain
incompletely defined. Herein, we show that nicotine induces NSCLC cell proliferation in part through
α4 nAChR prompting us to explore the effects of rosiglitazone, a synthetic PPARγ ligand, on the
expression of this receptor. Rosiglitazone inhibited the expression of α4 nAChR, but this effect was
through a PPARγ-independent pathway since GW9662, an antagonist of PPARγ, and the transfection
of cells with PPARγ siRNA failed to abolish the response. The inhibitory effect of rosiglitazone on
α4 nAChR expression was accompanied by phosphorylation of p38 MAPK and ERK1/2, and
downregulation of Akt phosphorylation. These signals mediated the inhibitory effects of
rosiglitazone on α4 nAChR expression since chemical inhibitors prevented the effect. Rosiglitazone
was also found to stimulate p53, a tumor suppressor known to mediate some of the effects of nicotine.
Interestingly, p53 upregulation was needed for rosiglitazone-induced inhibition of α4 nAChR. Thus,
rosiglitazone inhibits α4 nAChR expression in NSCLC cells through activation of ERK and p38
MAPK, which triggers induction of p53. Finally, like others, we found that nicotine stimulated the
expression of α4 nAChR. This process was also inhibited by rosiglitazone through similar pathways.
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INTRODUCTION
Lung carcinoma is the leading cause of carcinoma death in the United States with a dismal 5-
year survival rate of less than 15% (1). It is well known that tobacco use is one of the most
important risk factors for the development of lung carcinoma and is associated with at least
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87% of cancer deaths (2). In particular, non-small cell lung cancer (NSCLC) demonstrates a
strong etiologic association with smoking. Nicotine in tobacco smoke leads to both tobacco
addiction and therefore represents an important target of investigation. Although nicotine does
not appear to be carcinogenic by itself, its metabolism leads to the generation of potent
carcinogens (2). Studies from our laboratory and that of others demonstrate that nicotine
stimulates human lung cancer cell proliferation and angiogenesis, and suppresses drug-induced
apoptosis of tumor cells (3,4). Several lines of evidence suggest that these effects by nicotine
and its derivatives are mediated by nicotinic acetylcholine receptors (nAChRs) expressed in
tumor cells, thereby contributing to NSCLC progression (5,6). In particular, nicotine acts
through α-bungarotoxin sensitive nAChRs such as α7 nAChR (4,7). Others have found that
blockers of the α4 nAChR also inhibit the effects of nicotine (5,8). These studies suggest that
both α7 and α4 nAChRs, and perhaps others, mediate the effect of nicotine on NSCLC, and
these represent targets for novel anti-cancer strategies.

Peroxisome proliferator-activated receptors (PPARs isotypes α, β/δ, γ) are ligand-inducible
nuclear transcription factors that heterodimerize with retinoid X receptors and bind to PPAR
response elements (PPRE) located in the promoter region of PPAR target genes (9). These
lipid-sensitive receptors can be activated in a variable isotype-specific manner by natural fatty
acids, leukotrienes, prostaglandins, and some synthetic agonists, including antidiabetic drugs
such as rosiglitazone and ciglitazone, which are specific PPARγ ligands. PPARγ ligands are
also effective in regulating cell activation, differentiation, proliferation, and/or apoptosis
(10). The anticancer activity of PPARγ ligands has been documented in a variety of cancers
including colon, breast, prostate, and lung (11). These and related studies support a role for
PPARγ as a potential tumor suppressor, but the mechanisms responsible for these effects
remain incompletely elucidated.

In this report, we show that rosiglitazone inhibits α4 nAChR expression in NSCLC cells
through PPARγ-independent effects that include activation of ERK and p38 MAPK, which
triggers induction of p53. To our knowledge, this is the first report linking rosiglitazone to
nAChRs.

MATERIALS AND METHODS
Culture and Chemicals

The human NSCLC cell lines H1838, H2106 and A549 were obtained from the American Type
Culture Collection (Manassas, VA) and grown in RPMI-1640 medium supplemented with 10%
heat-inactivated FBS, HEPES buffer, 50 IU/ml penicillin/streptomycin, and 1 μg amphotericin
(complete medium) as previously described (12). Polyclonal antibodies specific for
extracellular signal regulated kinases½ (ERK1/2), phosphor-ERK1/2 (Thr202/Tyr204); the
mitogen-activated protein kinase (MAPK) specific inhibitor, PD98059; and the PI3-K
inhibitor, LY294002, were purchased from Cell Signaling (Beverly, MA). GW9662 was
purchased from Cayman Chemical Co. (Ann Arbor, Michigan). The polyclonal antibodies
against α4 nAChR and p53 were purchased from Santa Cruz Biotechnology, Inc (Santa Cruz,
California). The α4 nAChR agonist, TC2559, the α4 nAChR antagonist, Dihydro-β-
erythroidine, and the α7 nAChR antagonist, α-bungarotoxin, were purchased from TOCRIS
Bioscience (Ellisville, Missouri). Rosiglitazone, nicotine, antibodies against PPARγ, the p38
MAPK inhibitor, SB239023, and other chemicals were purchased from Sigma Aldrich (St.
Louis, MO) unless otherwise indicated.

Cell viability assay
NSCLC cells were plated at the indicated densities (2×103 cells/well) in 96-well multiwell
culture plates (Costar). Cells were treated with agonists and antagonists for 2 h before exposure
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of the cells to rosiglitazone for 48 h or followed by nicotine for up to 5 days in the culture
medium (containing 10% FBS). In separate experiments, cells were transfected with control,
α4 nAChR, or p53 siRNAs for 40 h before exposure to rosiglitazone followed by nicotine for
up to 5 days. Cell proliferation was evaluated using the CellTiter-Glo Luminescent Cell
Viability Assay, a homogenous method of determining number of viable cells in culture based
on quantitation of the ATP present which signals the presence of metabolically active cells.

Western blot analysis
The procedure was performed as previously described (13). Briefly, the cultured cells were
washed and lysed in cell extraction buffer, then sonicated for 10 seconds. Protein
concentrations were determined by the Bio-Rad protein assay. Equal amounts of protein from
whole cell lysates were solubilized in 2 × SDS-sample buffers and separated on SDS-
polyacrylamide gels. The separated proteins were transferred onto nitrocellulose and blocked
with Blotto with 5% BSA or 5% nonfat dry milk and 0.1% Tween 20 for 1 hr at room
temperature, and washed three times for 10 min with wash buffer (1×TBST). Blots were
incubated with primary antibodies raised against α4 nAChR, PPARγ (1:2000), p-ERK1/2,
ERK1/2, pAkt, Akt (1:1000) and p53 (1:2000) overnight at 4 C, washed with wash buffer, and
incubated with a secondary antibody raised against rabbit IgG conjugated to horseradish
peroxidase (1:2,000 dilution, Cell Signaling) for 1 hr at room temperature. The blots were
washed, transferred to freshly made ECL solution (Amersham, Arlington, IL) and exposed to
X-ray film. Protein bands were quantified by densitometer scanning using a BioRad GS-800
calibrated densitometer. In controls, the specific antibodies were omitted or replaced by serum
IgG.

Treatment with PPARγ, α4 nAChR and p53 small interfering RNA (siRNA)
The α4 nAChR siRNA (h) (Cat No. sc-42528), PPARγ siRNA (h) (Cat No. sc-29455), and p53
siRNA (h) (Cat No sc-29435), and control nonspecific siRNA oligonucleotides (Cat No.
sc-37007) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, California). For
the transfection procedure, cells were grown to 60% confluence, and experimental and control
siRNAs were transfected using the oligofectamine reagent (Invitrogen) according to the
manufacturer's instructions. Briefly, oligofectamine reagent was incubated with serum-free
medium for 10 min. Subsequently, a mixture of respective siRNA was added. After incubation
for 15 min at room temperature, the mixture was diluted with medium and added to each well.
The final concentration of siRNAs in each well was 100 nM. After culturing for 40 h, cells
were washed, resuspended in new culture media in the presence or absence of rosiglitazone
for an additional 24 h for Western Blot, cell growth and luciferase reporter assays.

Transient transfection assay
The Cignal p53 Reporter kit (CCS-004L) was purchased from SuperArray Bioscience
(Frederick, MD); it is designed to monitor the activity of the p53-regulated signal transduction
pathway in cultured cells. Briefly, NSCLC cells were seeded at a density of 5 ×105 cells/well
in 6-well plates and grown to 50 - 60% confluence. For each well, a mixture of inducible p53-
responsive firefly luciferase construct and constitutively expressing Renilla luciferase
construct (40:1, 0.1μg/μl) were cotransfected into the cells using the oligofectamine reagent
(Invitrogen) according to the manufacturer's instructions. After 24 h of incubation, cells were
treated with or without rosiglitazone in the presence or absence of nicotine, or with SB239023
and PD98059 for 2 h before exposure of the cells to rosiglitazone for an additional 24 h. The
preparation of cell extracts and measurement of luciferase activities were carried out using the
Dual-Luciferase Reporter Kit according to recommendations by the manufacturer (Promega).
The assays for firefly luciferase activity and Renilla luciferase activity were performed
sequentially in a Labsystems Luminoskan Ascent luminometer equipped with dual injectors.
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Changes in firefly luciferase activity were calculated and plotted after normalization with
changes in Renilla luciferase activity within the same sample.

Statistical Analysis
All experiments were repeated a minimum of three times. All data from Western Blot analysis,
luciferase reporter and cell growth assays were expressed in mean ± SD. The data presented
in some figures are from a representative experiment, which was qualitatively similar in the
replicate experiments. Statistical significance was determined with Student's t test (two-tailed)
comparison between two groups of data set. Asterisks shown in the figures indicate significant
differences of experimental groups in comparison with the corresponding control condition
(P<0.05, see figure legends).

RESULTS
Nicotine stimulates NSCLC cell proliferation through α4 nAChR

We and others demonstrated that nicotine stimulates NSCLC cell proliferation through
nAChR-dependent signals (4,14,15). However, the exact contribution of distinct nAChRs to
this process is unclear. Current evidence suggests a role for α4 and α7 nAChRs. α4 nAChR is
a major nAChR that has not been studied extensively in NSCLC cells. We first tested its role
and found that NSCLC cell proliferation is increased by both nicotine and TC2559, an α4
nAChR agonist; TC2559 was less efficient when compared to nicotine. When tested together,
TC2559 enhanced the effect of nicotine (Fig. 1A). In contrast, Dihydro-β-erythroidine, an α4
nAChR antagonist, did not affect proliferation by itself, but reduced the stimulatory effect of
nicotine as determined by Luminescent Cell Viability Assay (Fig. 1A). In further support of
the role of α4 nAChR, we showed that silencing of α4 nAChR by siRNA significantly
attenuated the stimulatory effect of nicotine on cell proliferation; note that the control siRNA
had no effect (Fig. 1B). Similar results were obtained from an additional NSCLC cell line
(H2106, not shown).

Because of the partial response of α4 nAChR in mediating the effect of nicotine on cell growth,
we next tested the role of α7 nAChR, another major nAChR that has been shown to mediate
some of the mitogenic effects of nicotine (4,16). We showed that cells silenced for α4 nAChR
by siRNA and concomitantly treated with the α7 nAChR antagonist, α-bungarotoxin, showed
complete blockade of the stimulatory effect of nicotine on cell proliferation (Fig. 1C). Thus,
both α4 and α7 nAChRs seem to be important.

Rosiglitazone inhibits expression of α4 nAChR via a PPARγ-independent pathway
Having established the important role of α4 nAChR in nicotine-induced tumor cell
proliferation, we evaluated the effect of rosiglitazone on α4 nAChR expression in the cell
extracts of NSCLC cells. We showed a time- and dose-dependent inhibitory effect of
rosiglitazone on α4 nAChR protein expression with a maximal effect after 24 hours of culture
in the presence of 10 μM rosiglitazone (Fig. 2A and B). In order to test the role of PPARγ in
mediating the effect of rosiglitazone, cells were treated with a PPARγ antagonist, GW9662,
or transfected with a control or PPARγ siRNA. Interestingly, the effect of rosiglitazone on α4
nAChR protein was not affected either by GW9662 (Fig. 2C) or by the PPARγ siRNA (Fig.
2D). Similar results were obtained from other NSCLC cell lines (H2106 and A549, not shown).

The inhibitors of p38 MAPK and ERK block the effect of rosiglitazone on expression of α4
nAChR

Because rosiglitazone appears to act via a PPARγ-independent pathway, we explored other
potential signals responsible for its effects. We and others previously showed that PPARγ

Sun et al. Page 4

Mol Cancer Ther. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ligands activate kinase signaling related to p38 mitogen-activated protein kinase (p38 MAPK)
and extracellular signal-regulated kinase ½ (ERK1/2) in several cell systems including lung
cancer (17-19). Therefore, we tested whether regulation of α4 nAChR expression by
rosiglitazone was related to p38 MAPK and ERK activation. We found that the inhibitors of
p38 MAPK, SB239023, and of ERK1/2, PD98059, completely blocked the effect of
rosiglitazone on α4 nAChR protein expression (Fig. 3A). Rosiglitazone stimulated the
phosphorylation of both p38 MAPK and ERK. However, while SB239023 had no effect on
rosiglitazone-induced phosphorylation of ERK1/2, PD98059 eliminated the stimulatory effect
of rosiglitazone on phosphorylation of p38 MAPK (Fig. 3B and C) suggesting that ERK is
upstream of p38 MAPK. Similar results were also found using another ERK inhibitor, U0126
(not shown). In addition, results were reproducible in other cell lines (H2106 and A549, not
shown).

Rosiglitazone inhibits expression of α4 nAChR through p53
Rosiglitazone has been shown to increase p53 (20). Therefore, we tested if p53 played a role
in mediating the effect of rosiglitazone on α4 nAChR expression. We showed that rosiglitazone
indeed increased p53 protein expression in our system (Fig. 4A). Importantly, we found that
silencing of p53 abolished the inhibitory effect of rosiglitazone on α4 nAChR protein
expression (Fig. 4B). Consistent with a role for p53, we found that rosiglitazone did not inhibit
α4 nAChR expression in H1792, a NSCLC cell line characterized by a p53 mutation (not
shown). Note that the control siRNA had no effect. Similar results were obtained from another
NSCLC cell line H2106 (not shown). We next assessed the role of p38 MAPK and ERK in
mediating the effect of rosiglitazone on p53 protein expression and reporter activity. We
showed that inhibitors of ERK and p38 MAPK blocked the stimulatory effect of rosiglitazone
on p53 protein expression and p53 gene reporter activity (Fig 4C and D). This suggests that
p38 MAPK and ERK are upstream of p53.

Rosiglitazone overcomes the effect of nicotine on expression of p53 and α4 nAChR, and on
cell growth

Nicotine has been shown to stimulate α4 nAChR expression and this activity may serve to
enhance the effects of nicotine on cell growth (3,21). Therefore, we also explored if
rosiglitazone affects this process. First, we showed that nicotine indeed stimulated α4 nAChR
expression, and that rosiglitazone abolished this effect (Fig. 5A). The dose of nicotine used
was based on other studies showing significant induction of α4 nAChR (22,23). Nicotine has
been shown to affect cell growth through downregulation of p53 (24). Thus, we asked whether
rosiglitazone could overcome the effect of nicotine on p53, thereby explaining its ability to
inhibit α4 nAChR expression even in the presence of nicotine. As shown in Fig. 5B, nicotine
reduced p53 expression and induced α4 nAChR, but these were indeed overcome by
rosiglitazone in a dose-dependent manner. We also found that rosiglitazone overcame the
inhibitory effect of nicotine on p53 reporter activity (Fig. 5C). Rosiglitazone has been shown
to inhibit NSCLC cell growth (25,26). Therefore, we tested whether rosiglitazone antagonized
the effect of nicotine on NSCLC cell proliferation. We showed that rosiglitazone reduced
NSCLC cell proliferation in the setting of nicotine as determined by Luminescent Cell Viability
Assay (Fig. 5D). Similar results were obtained from other NSCLC cell lines H2106 and A549
(not shown).

DISCUSSION
It is well known that tobacco exposure is the most important risk factor for the development
of lung carcinoma in the United States (2). Nicotine, the major pharmacologically active
substance in cigarette smoke, has been implicated in lung cancer development and progression
(4). Nicotine acts mainly via nAChRs, which are a family of multimeric acetylcholine-triggered
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action channel proteins that form the predominant excitatory neurotransmitter receptors on
muscles and nerves in the peripheral nervous system (27). Once considered to be restricted to
neuronal cells, nAChRs are now known to be expressed in human lung epithelium and
carcinoma cells (5,28); however, their function in lung remains to be determined. While the
α7 nAChR has been shown to mediate many of the effects of nicotine, the role of α4 nAChR
in lung cancer progression has not been elucidated.

In view of the above, we first tested the role of a4 nAChRs in nicotine-induced NSCLC
proliferation. We found that TC2559, a α4 nAChR agonist, stimulated NSCLC proliferation
although not as efficiently as nicotine. In contrast, DhbetaE, an antagonist of α4 nAChRs,
inhibited nicotine-induced cell proliferation. This, together with data showing that α4 nAChR
siRNA inhibited the nicotine-induced response, strongly suggests a role for α4 nAChRs in
mediating, at least in part, the mitogenic effects of nicotine in tumor cells. It is likely that more
than one nAChR mediates the effects of nicotine and this explains the partial inhibitory effects
of the antagonist. Our data suggest that α7 nAChR also contributes to the response. We and
others have reported that α-bungarotoxin, an inhibitor or α7 nAChRs, also inhibits nicotine-
induced cell proliferation. Here, we show that α-bungarotoxin only partially inhibited the effect
of nicotine, whereas complete inhibition required both α-bungarotoxin and knockdown of the
α4 nAChR suggesting that both α4 and α7 nAChRs mediate the mitogenic effects of nicotine
in NSCLC.

Our studies point to α4 and α7 nAChRs as targets for anti-lung cancer therapies, and suggest
that new agents with unexplained anti-cancer activity might work by affecting these receptors.
Such agents are those like rosiglitazone, a synthetic PPARγ ligand with anti-inflammatory and
anti-tumor properties that has been shown to inhibit human lung cancer growth through several
mechanisms (19,25,26). We, therefore, explored the effects of rosiglitazone on the expression
of α4 nAChRs in tumor cells. We found that rosiglitazone inhibited α4 nAChR protein
expression in a dose and time-dependent manner. Interestingly, the inhibitory effect of
rosiglitazone was independent of PPARγ since a specific chemical inhibitor of PPARγ
(GW9662) and knockdown of PPARγ expression failed to abolish the effect. This is not
surprising since we and others demonstrated that the actions of rosiglitazone are through
PPARγ-dependent and -independent pathways (26,29). The concentrations used here were
consistent with those reported by others (30,31). For example, Valentiner et al found that
rosiglitazone inhibited in vitro growth and viability of human neuroblastoma cell lines in a
dose-dependent manner showing considerable effects only at high concentrations (10 μM and
100 μM) (30). In another study, rosiglitazone inhibited both the proliferation and invasiveness
of the human adrenocortical cancer cell line H295R in a dose-dependent manner with the
maximal effect (about 50% inhibition) obtained at 20 μM (31).

Data from our group and others demonstrate that thiazolidinediones may activate kinase
signaling pathways including p38 MAPK and ERK in normal and cancer cells (19,32,33).
Activation of these kinases links PPARγ ligand-mediated signaling to the transcriptional
regulation of genes that are crucial for cell growth inhibition. Thus, we turned our attention to
testing whether these signals mediate the inhibitory effect of rosiglitazone. We showed that
rosiglitazone induced the phosphorylation of both p38 MAPK and ERK½. More importantly,
we showed that specific inhibitors of these signals blocked the effects of rosiglitazone. The
inhibitor of ERK, PD98059, inhibited the phosphorylation of p38 MAPK suggesting that ERK
lays upstream of that pathway. Crosstalk between these kinases has been reported (34,35). In
other work, p38 MAPK inhibitors were found not to affect ERK activation induced by
fibroblast growth factor-2 in embryonic joint articular surface cells, and ERK inhibitors did
not influence p38 MAPK phosphorylation in the same system confirming the specificity and
unidirectional properties of these pathways depending on the cell types tested (35). However,
opposite results have also been noted (36,37).
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We then tested the pathways downstream of ERK and p38 kinases responsible for the inhibitory
effect of rosiglitazone. Thiazolidinediones including rosiglitazone have been shown to increase
the expression of p53 in several tumor cells (38,39). As a tumor suppressor gene, p53 is lost
or functionally inactivated in the majority of human tumors including lung (40). p53 mutations
are also frequent in tobacco-related cancers, and overexpression of p53 inhibits NSCLC growth
and induces apoptosis both in vitro and in vivo (20,41). These observations, and the fact that
there are at least two p53 binding sites in the promoter region of the α4 nAChR gene (Han et
al., unpublished), prompted us to investigate the role of p53 in our system. We found that
rosiglitazone indeed increased p53 expression which mediated the inhibition of α4 nAChR.
Furthermore, we found that this effect was blocked by inhibitors of ERKs and p38 MAPK
suggesting that p53 is downstream of these signals and was not observed in a cell line with a
p53 mutation. In line with this, one study demonstrated that activation of ERKs and p38 MAPK
was involved in the induction of phosphorylation of p53 at multiple sites in nasopharyngeal
carcinoma cells (42). Another report found that p38 MAPK formed a complex with p53 after
the treatment of caffeic acid phenethyl ester and that a specific p38 MAPK inhibitor, SB203580,
blocked expression and phosphorylation of p53 in glioma cells (43). Thus, rosiglitazone
appears to inhibit α4 nAChR expression by activating ERK and p38 MAPK followed by
induction of p53.

Finally, we examined the effects of rosiglitazone on α4 nAChR expression in the setting of
nicotine exposure. Nicotine is known to stimulate the expression of its receptors (3,21), and
this is considered a feedback mechanism capable of amplifying its effects. As expected,
nicotine stimulated α4 nAChR expression and this effect was associated with downregulation
of p53. However, rosiglitazone overcame this effect by antagonizing the activation of PI3-K/
Akt and reducing p53 and, ultimately, inhibiting α4 nAChR expression even in the presence
of nicotine. Our results suggested that targeting α4 nAChR by rosiglitazone may be responsible
for its ability to inhibit lung cancer cell growth.

Taken together, our observations demonstrate that rosiglitazone inhibits α4 nAChR expression
in NSCLC through PPARγ-independent pathways that include activation of ERK and p38
MAPK signaling. In turn, this results in induction of p53 (Fig. 6). To our knowledge, this is
the first demonstration of a link between α4 nAChRs and rosiglitazone. It reveals a novel
mechanism by which targeting α4 nAChRs by rosiglitazone may inhibit NSCLC proliferation
and unveils a potential new target for intervention.
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Figure 1. Nicotine stimulates NSCLC cell proliferation through α4 nAChR that is diminished by
rosiglitazone
A, H1838 cells were cultured with Dihydro-β-erythroidine (DhbetaE, 1 μM) or TC2559 (0.1
μM) in the presence or absence of nicotine for up to 5 days. Afterwards, the luminescence of
viable cells was detected using Cell Titer-Glo Luminescent Cell Viability Assay Kit according
to the protocol of the manufacturer (Promega). All data are depicted as mean ± SD. * indicates
significant difference as compared to the untreated cells group. ** indicates significant
difference of combination treatment as compared the DhbetaE or TC2559 alone (P<0.05).
Con, indicates untreated control cells. B, H1838 cells were transfected with control or α4
nAChR siRNA (100 nM each) for 40 hr before exposure of cells to nicotine for up to 5 days.
Afterwards, the luminescence of viable cells was detected using Cell Titer-Glo Luminescent
Cell Viability Assay Kit according to the protocol of the manufacturer. All data are depicted
as mean ± SD. * indicates significant difference as compared to the untreated cells group. **
indicates significant difference of combination treatment as compared the nicotine alone
(P<0.05). The insert on the top showed the Western blot result for α4 nAChR protein
production. Con, indicates untreated control cells. C, H1838 cells were transfected with control
or α4 nAChR siRNA (100 nM each) for 40 h before exposure of cells to α-bungarotoxin (α-
BT, 1 μM) and nicotine for up to 5 days. Afterwards, the luminescence of viable cells was
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detected using Cell Titer-Glo Luminescent Cell Viability Assay Kit according to the protocol
of the manufacturer. All data are depicted as mean ± SD. * indicates significant difference as
compared to the untreated cells group. ** indicates significant difference of combination
treatment as compared the nicotine alone (P<0.05). *** indicates significant difference of
combination α4 nAChR siRNA and α-bungarotoxin (α-BT) plus nicotine treatment as
compared to the α4 nAChR siRNA plus nicotine (P<0.05). Con, indicates untreated control
cells.
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Figure 2. Rosiglitazone inhibits expression of α4 nAChR in a PPARγ-independent pathway
A, Cellular protein (20 μg) was isolated from H1838 cells treated with increasing
concentrations of rosiglitazone for 24 h followed by Western blot analysis for α4 nAChR
protein using an anti-α4 nAChR antibody. Blots were also incubated with an anti-actin antibody
to control for gel loading. The bar graph to the right panel represents the mean ± SD of α4
nAChR/actin of at least three independent experiments. B, Cellular protein (20 μg) was isolated
from H1838 cell lines cultured with rosiglitazone (10 μM) in the indicated time period.
Afterward, western blot analysis was performed to α4 nAChR protein using anti-α4 nAChR
antibody. The bar graph to the right panel represents the mean ± SD of α4 nAChR/actin of at
least three independent experiments. The actin was used as internal control for normalization
purpose. C. Cellular protein was isolated from H1838 cells cultured for 2 h in the presence or
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absence of GW9662 (20 μM) before exposure of cells to rosiglitazone (Rosig., 10 μM) for an
additional 24 h, followed by Western blot analysis for α4 nAChR protein. Con, indicates
untreated control cells. D, Cellular protein (20 μg) was isolated from H1838 cells, which were
transfected with control or PPARγ siRNA (100 nM each) for 40 h before exposure of cells to
rosiglitazone for an additional 24 h. afterward, Western Blot analysis were performed to
determine the PPARγ and α4 nAChR protein. Blots were also incubated with an anti-actin
antibody for normalization purposes. Con, indicates untreated control cells.
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Figure 3. The inhibitors of p38 MAPK and ERK block the effect of rosiglitazone on expression of
α4 nAChR
A, Cellular protein (20 μg) was isolated from H1838 cells were treated with SB239023 (10
μM) or PD98059 (25 μM) for 2 h before exposure of the cells to rosiglitazone (Rosig.) for an
additional 24 h. Afterwards, Western blot analysis was performed to detect the α4 nAChR
protein. Actin was used for loading control for normalization purpose. Con, indicates untreated
control cells. B, Cellular protein was isolated from H1838 cells treated with SB239023 (10
μM) for 1 h before exposure of the cells to rosiglitazone (Rosig.) for an additional 2 h.
Afterwards, Western blot analysis was performed to detect the total ERK1/2 and phosphor-
ERK1/2. Actin was used for loading control for normalization purpose. Con, indicates
untreated control cells. C, Cellular protein was isolated from H1838 cells treated with PD98059
(25 μM) for 1 h before exposure of the cells to rosiglitazone (Rosig.) for an additional 2 h.
Afterwards, Western blot analysis was performed to detect the total p38 MAPK and phosphor-
p38 MAPK. Actin was used for loading control for normalization purpose. Con, indicates
untreated control cells.
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Figure 4. Rosiglitazone inhibits expression of α4 nAChR through p53
A, Cellular protein was isolated from H1838 cells treated with increasing concentrations of
rosiglitazone as indicated for 24 h followed by Western blot analysis for p53 protein using an
anti-p53 antibody. Actin served as internal control for normalization purposes. B, Cellular
protein (20 μg) was isolated from H1838 cells were with control or p53 siRNA (100 nM each)
for 40 h before exposure of the cells to rosiglitazone (Rosig.) for an additional 24 h. Afterwards,
Western blot analysis was performed to detect the p53 and α4 nAChR proteins. Actin was used
for loading control for normalization purpose. Con, indicates untreated control cells. C,
Cellular protein was isolated from H1838 cells cultured for up to 2 h in the presence or absence
of SB239023 (10 μM), PD98059 (25 μM) before exposure of cells to rosiglitazone (Rosig., 10
μM) for an additional 24 h, then subjected to Western Blot analysis for p53 protein. Actin
served as internal control for normalization purposes. Con, indicates untreated control cells.
D, H1838 cells were transfected with a mixture of inducible p53-responsive firefly luciferase
construct and constitutively expressing Renilla luciferase construct (40:1, 0.1μg/μl) for 24 h,
then treated with SB239023 (10 μM), PD98059 (25 μM) for 1 h before exposure of the cells
to rosiglitazone (Rosig., 10 μM) for an additional 24 h. The ratio of firefly luciferase to renilla
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luciferase activity was quantified as described in Material and Methods. The bars represent the
mean ± SD of at least four independent experiments for each condition. * indicates significant
increase of activity as compared to controls. ** indicates significance of combination treatment
as compared with rosiglitazone (Rosig.) alone (P < 0.05). Con, indicates untreated control cells.
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Figure 5. Rosiglitazone overcomes the effect of nicotine on expression of p53 and α4 nAChR
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A, Cellular protein (20 μg) was isolated from H1838 cells treated with Rosig. (10 μM) or
nicotine (0.1 μM) for 24 h, or Rosig. for 2 h before exposure of the cells to nicotine for an
additional 24 h, followed by Western blot analysis for α4 nAChR protein. Blots were also
incubated with an anti-actin antibody for normalization purposes. Con, indicates untreated
control cells. B, Cellular protein was isolated from H1838 cells treated with increasing
concentrations of rosiglitazone (Rosig.) for 24 h in the presence or absence of nicotine (0.1 M)
followed by Western blot analysis for p53 and α4 nAChR proteins using an anti-p53 or α4
nAChR antibodies. Actin served as internal control for normalization purposes. C, H1838 cells
were transfected with a mixture of inducible p53-responsive firefly luciferase construct and
constitutively expressing Renilla luciferase construct (40:1, 0.1 μg/μl) for 24 h, then treated
rosiglitazone (Rosig., 10 μM) for 2 h before exposure of the cells to nicotine for an additional
24 h. The ratio of firefly luciferase to renilla luciferase activity was quantified as described in
Material and Methods. The bars represent the mean ± SD of at least four independent
experiments for each condition. * indicates significant increase of activity as compared to
control untreated cells. ** indicates significance of combination treatment as compared with
rosiglitazone (Rosig.) or nicotine alone (P < 0.05). Con, indicates untreated control cells. D,
H1838 cells were cultured with rosiglitazone (Rosig., 10 μM) alone, nicotine (Nic., 100 μM)
alone or Rosig. (10 μM) plus Nic. (100 μM) for 5 days. Afterward, the luminescence of viable
cells was detected using Cell Titer-Glo Luminescent Cell Viability Assay Kit according to the
protocol of the manufacturer. All data are depicted as mean ± SD. * indicates significant
difference from day zero in Rosig. or nicotine alone. ** indicates significant difference from
day zero in combination treatment (Rosig. plus nicotine) (P<0.05).
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Figure 6. Schematic representations of signal pathways in response to rosiglitazone-inhibited
NSCLC cell growth
The PPARγ ligand, rosiglitazone, inhibits α4 nAChR expression through activation of ERK
and p38 MAPK signaling followed by induction of p53 expression in a PPARγ-independent
signaling. This, in turn, partially blocks α4 nAChR-mediated nicotine-induced NSCLC cell
proliferation.
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