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Background

Nicotine induces the proliferation of non–small cell lung cancer (NSCLC) cells via nicotinic acetylcholine receptors and the arrestin, b1 (ARRB1) protein. However, whether ARRB1 translocates to the nucleus upon nicotinic
acetylcholine receptor activation and how it regulates growth of human NSCLCs are not known.

Methods

We investigated nuclear localization of ARRB1 in human NSCLC cell lines (A549 and H1650), normal lung cell
lines (NHBE and SAEC), and lung cancer tissue microarray. A549 cells were transfected with ARRB1-specific
short hairpin RNA (A549-sh) to knockdown ARRB1 expression, or with empty vector (A549-EV), to examine the
role of ARRB1 in the mitogenic and antiapoptotic effects of nicotine, binding of ARRB1 to E2F transcription factors, and the role of ARRB1 in nicotine-induced expression of E2F-regulated survival and proliferative genes cell
division cycle 6 homolog (CDC6), thymidylate synthetase (TYMS), and baculoviral IAP repeat–containing 5
(BIRC5). Real-time polymerase chain reaction was performed for quantitative analysis of mRNA expression.
Chromatin immunoprecipitation assays were performed on A549 cells and fresh-frozen human NSCLC tumors
(n = 8) to examine the binding of ARRB1, E1A binding protein (EP300), and acetylated histone 3 (Ac-H3) on the
E2F-regulated genes. All statistical tests were two-sided.

Results

Nicotine induced the nuclear translocation of ARRB1 in NSCLC and normal lung cells, and lung tumor tissues
from smokers showed an increased nuclear localization. The mitogenic and antiapoptotic effects of nicotine were
reduced in A549-sh cells. Nuclear ARRB1 bound to E2F transcription factors in normal lung cells, NSCLC cells,
and tumors. Nicotine treatment induced a statistically significant increased expression of E2F-regulated genes
in A549-EV but not in A549-sh cells; the maximum difference being observed in BIRC5 (A549-EV vs A549-sh,
mean fold-increase in mRNA level upon nicotine treatment = 20.7-fold, 95% confidence interval = 19.2- to 22.2fold, vs mean = 0.8-fold, 95% confidence interval= 0.78- to 0.82-fold, P < .001). Furthermore, nicotine induced
the binding of ARRB1, EP300, and Ac-H3 on E2F-regulated genes.

Conclusion

Nicotine induced the nuclear translocation of ARRB1 and showed increased expression of proliferative and survival genes, thereby contributing to the growth and progression of NSCLCs.
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Non–small cell lung cancer (NSCLC) accounts for 80% of all lung
cancer cases and demonstrates a strong association with tobacco
use (1,2). Nicotine, the psychoactive and addictive component of
tobacco, has been shown to induce cell proliferation, angiogenesis,
epithelial to mesenchymal transition, and metastasis of NSCLCs
through nicotinic acetylcholine receptors (nAChRs) (3–6).
Furthermore, nicotine demonstrates antiapoptotic properties in
NSCLC cells in vitro (5,7,8). Tobacco smoke is associated with
60% of all reported NSCLCs (1), suggesting that tobacco components like nicotine and its derivatives contribute to signaling pathways involved in the growth and progression of human NSCLCs.
Several convergent studies have shown that the alpha (a) and
beta (b) subunits of nAChR have potential tyrosine phosphorylajnci.oxfordjournals.org  	

tion sites (9–11), and cellular v-src sarcoma (Schmidt-Ruppin A-2)
viral oncogene homolog (avian) (SRC) may have a role in the tyrosine phosphorylation of nAChR subunits in chicken myoblasts (8).
Nicotinic receptors are ion-channel receptors with no inherent
tyrosine kinase activity in their transmembrane domains (12–14).
Therefore, an important question that emerged was how the
binding of nicotine to nAChRs caused the activation of SRC. We
recently found that the binding of nicotine to nAChRs leads to the
formation of an oligomeric complex between nAChR, SRC, and
arrestin, b1 (ARRB1), which was vital for nicotine-induced proliferation of human NSCLCs (15).
In mammals, the arrestin family has four members (16,17)—
ARRB1 (also known as arrestin-2), ARRB2 (also known as arrestin,
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CONT E X T A N D C A V E A T S
Prior knowledge
ARRB1 has been shown to have a role in invasion and proliferation
of many cancers, including nicotine-induced proliferation of human
non–small cell lung cancers (NSCLCs). Whether ARRB1 translocates to the nucleus and the mechanism of regulation of cell proliferation are not known.
Study design
Expression and nuclear localization of ARRB1 in NSCLC cell lines,
normal lung cells, microarrays, and human NSCLC tumors were
investigated. Knockdown of ARRB1 expression was performed to
study its role in nicotine-induced cell proliferation and protective
effect against apoptosis. Genes involved in ARRB1-mediated regulation of these functions were identified via DNA-protein binding
experiments.
Contribution
ARRB1 translocated to the nucleus on induction with nicotine and
regulated genes involved in cell survival and proliferation.
Implications
Nicotine-induced proliferation of human NSCLCs is regulated by
ARRB1 and may be involved in growth and metastasis of NSCLCs,
particularly in tobacco smokers.
Limitations
There could be other mechanisms involved in nicotine-induced
survival and proliferation of NSCLCs. Also, other genes that may
be regulated by ARRB1 are not shown in this study.
From the Editors

b2, or arrestin-3), ARRB3 (also known as retinal X-arrestin or
arrestin-4), and SAG (S-antigen; also known as arrestin-1). ARRB1
and ARRB2 are ubiquitous, multifunctional, scaffolding proteins
that are involved in the termination or desensitization of signals
arising from activated G-protein-coupled receptors (GPCRs) (18).
Besides being scaffolding proteins for GPCRs, ARRB1 and ARRB2
regulate structurally diverse receptors like Notch, endothelin A
receptor, frizzled, smoothened, and the nicotinic cholinergic receptors (15,19–23). ARRB1 also regulates multiple intracellular
signaling proteins involved in cell proliferation and differentiation,
such as SRC, mitogen-activated protein kinases, alpha regulatory
subunit A of protein phosphatase 2 (PP2R1A) (protein phosphatase
2, regulatory subunit A, alpha), and components of the winglesstype MMTV integration site family member (WNT) signaling
pathway (21,24,25). ARRB1 and ARRB2 also facilitate receptor
ubiquitination and regulate chemotaxis mediated by the chemokine
(C-X-C motif) receptor 4 (CXCR4) (20,26–29).
Emerging evidence suggests that ARRB1 and ARRB2 can
translocate to the nucleus in response to opioid peptides (30,31).
The activation of GPCR-delta (d) and kappa (k) opioid receptors
by enkephalin-derived peptides like the delta peptide [D-Ala2,DLeu5]Enkephalin has been shown to induce translocation of
ARRB1 to the nucleus where it bound to specific promoters of
genes like cyclin-dependent kinase inhibitor 1B (CDKN1B) and
FBJ murine osteosarcoma viral oncogene homolog (FOS) in
human embryonic kidney (HEK) 293 cells (30,31).
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Furthermore, nuclear ARRB1 facilitates the recruitment of the
E1A binding protein EP300 (also known as histone acetyltransferase p300) on the promoters of CDKN1B and FOS, and results in an
increased acetylation of histone H4, reorganization of chromatin,
and increased transcription of CDKN1B and FOS (30,31). Nuclear
ARRB1 suppresses the activation of nuclear factor kappa B and
functions as corepressors of the androgen receptor in prostate
cancer (32). In addition, ARRB1 has been shown to promote multiple steps of cancer progression including invasion and metastasis
in breast, ovarian, and colon cancers, and skin papillomas
(20,26,27,29,33). Because ARRB1 does not contain a discernible
DNA-binding domain (16,34), it is probable that it binds to the
CDKN1B and FOS promoters in an indirect manner via binding to
transcription factors that directly bind to CDKN1B and FOS
promoters.
Our previously published data showed that proliferative signaling via the nAChRs induced the dissociation of E2F transcription factor 1 (E2F1) from retinoblastoma 1 (RB1) protein (15).
The E2F family of transcription factors plays a central role in regulating cell cycle progression, and the E2F-RB1 pathway is dysregulated in about 90% of lung cancers (35,36). The inactivation
of RB1 by mutation of the gene or phosphorylation causes it to
dissociate from E2F1. The free E2F1 then binds to specific E2Fbinding sites on the promoters of proliferative genes like cell division cycle 6 homolog (CDC6), cell division cycle 25 homolog A
(CDC25A), thymidylate synthetase (TYMS), and cyclin E1
(CCNE1) and stimulates the transcription of genes, leading to
S-phase entry (35–37). We further observed that nicotine induced
the binding of E2F1, E2F2, and E2F3 transcription factors to the
promoters of proliferative genes like CDC6 and CDC25A, whereas
dissociation of RB1 from the E2F transcription factors, as well as
the above-mentioned promoters, resulted in promoter activation
(15).
It is not known whether the binding of nicotine to nAChRs
cause nuclear localization of ARRB1 in human NSCLC cells.
Because the E2F family of transcription factors plays a vital role in
nAChR signaling, it is probable that ARRB1 interacts with the
E2F transcription factors to regulate nicotine-induced cell proliferation and cell survival in human NSCLCs. In this study, we investigated the role of nuclear ARRB1 in mitogenic and antiapoptotic
functions of nicotine in survival and proliferation of human
NSCLC cells.

Patients, Materials, and Methods
Cell lines, Cell Culture, and Reagents
Human lung adenocarcinoma epithelial cell lines A549 and H1650
were purchased from the American Type Culture Collection
(ATCC, Manassas, VA). Adenocarcinomas are a subset of NSCLC
cells. The HEK293 cell line was purchased from the ATCC and
maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 2 mM glutamine, 100 U/mL penicillin, 50 µg/mL
streptomycin, and 10% fetal bovine serum (FBS). DMEM and all
supplements were purchased from Mediatech, Inc (Manassas, VA),
except for FBS, which was purchased from Hyclone Laboratories
(Rockford, IL). A549 cells were maintained in Ham’s F-12K
medium (Mediatech, Inc) supplemented with 2 mM glutamine,
Vol. 103, Issue 4
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100 U/mL penicillin, 50 µg/mL streptomycin, and 10% FBS. The
phenotypes of the cells were verified by ATCC by immunostaining
for specific markers. The protocols for verifying the cell lines are
available on the ATCC Web site (http://www.atcc.org/Portals/1
/Pdf/CellBiologyStandards.pdf). H1650 cells were grown in
Roswell Park Memorial Institute (RPMI)-1640 medium
(Mediatech, Inc) supplemented with 2 mM glutamine, 100 U/mL
penicillin, 50 µg/mL streptomycin, and 10% FBS. Primary normal
human bronchial epithelial cells (NHBEs) and primary small airway epithelial cells (SAECs) were purchased from Lonza (Basel,
Switzerland). NHBEs were cultured in bronchial epithelial basal
medium (BEBM) supplemented with 0.1% human epidermal
growth factor, 0.4% bovine pituitary extract, 0.1% insulin, 0.1%
gentamycin, 0.1% retinoic acid, 0.1% transferrin, 0.1% triiodothyronine, and 0.1% epinephrine. SAECs were maintained in
small airway basal medium (SABM) supplemented with 5% fatfree bovine serum albumin, and other supplements were the same
as that of BEBM, described above. BEBM and SABM and all supplements were purchased from Lonza. All cells were cultured at
37°C in a humidified 5% CO2 incubator. The phenotypes and
genotypes of the NHBEs were verified by Lonza by immunostaining for specific markers. A Certificate of Analysis confirming the
authentication of cells was obtained from Lonza.
Nicotine, a-bungarotoxin (a7-nAChR subunit inhibitor), and
dihydro-beta-erythroidine (DhbE; a3/b2-nAChR antagonist)
were purchased from Sigma-Aldrich (St Louis, MO). The phosphatidylinositol 3-kinase, catalytic, delta polypeptide (PIK3CD)
inhibitor LY294002 (2-morpholin-4-yl-8-phenylchromen-4-one)
was purchased from Cell Signaling Technology (Danvers, MA).
The inhibitor of a7-nAChR subunit methyllycaconitine (MAA)
and a-lobeline (a4/b2–nAChR inhibitor) were purchased from
Tocris Biosciences (Ellisville, MO). The SRC inhibitor PP2
(4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyramidine) was purchased from Enzo Life Sciences (Plymouth Meeting,
PA) and delta peptide [D-Ala2,D-Leu5]Enkephalin was purchased
from Bachem California (Torrance, CA).
Human Lung Tumor Samples
Fresh-frozen human lung adenocarcinoma tissues (n = 8) and
matched distant normal lung tissues (n = 8) from patients who were
active smokers or had a smoking history were retrieved from the
Moffitt Cancer Center Tumor Bank. Eight frozen lung adenocarcinoma tissues were paired with matched distant normal lung tissues and were used for preparing lysates for immunoprecipitation,
described later. Two pairs of frozen lung adenocarcinoma and
matched distant normal lung tissues were used to prepare lysates
for the chromatin immunoprecipitation (ChIP) assay, also
described later. The use of all NSCLC tumor tissues and normal
tissues was approved by the patients and the Institutional Review
Board of the University of South Florida.
Monoclonal and Polyclonal Antibodies
Rabbit anti-human E2F1, rabbit anti-human baculoviral IAP
repeat–containing 5 (BIRC5), rabbit anti-human EP300, rabbit
anti-human-a7-nAChR, mouse anti-human E2F1 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse antihuman RB1 was purchased from BD Biosciences (San Jose, CA).
jnci.oxfordjournals.org  	

Rabbit anti-human phosphorylated SRC (Tyr416), rabbit antihuman extracellular regulated kinase (ERK) 1/2 (Thr202/Tyr204),
rabbit anti-human poly (ADP-ribose) polymerase (PARP-1),
rabbit anti-human ERK1/2, rabbit anti-human v-akt murine thymoma viral oncogene homolog 1 (AKT1), and rabbit anti-human
phospho-AKT1 (Thr308) antibodies were purchased from Cell
Signaling Technology. Mouse anti-human ARRB1 was purchased
from BD Biosciences, rabbit anti-human ARRB1 was purchased
from EMD Biosciences (Darmstadt, Germany), and rabbit antihuman ARRB1 was purchased from Novus Biologicals (Littleton,
CO). Mouse anti-human SRC, mouse anti-human pan b-nAChR,
and rabbit anti-human acetylated histone H3 antibodies were purchased from Millipore (Billerica, MA). Mouse anti-FLAG, mouse
anti-human tubulin, alpha 4a (TUBA4A), and mouse anti-human
actin, beta (ACTB) were purchased from Sigma-Aldrich. Mouse
anti-HA monoclonal antibody was purchased from Covance (San
Diego, CA). Mouse anti-human X-linked inhibitor of apoptosis
(XIAP) was purchased from Enzo Life Sciences. Secondary antibodies rabbit anti-mouse IgG and donkey anti-rabbit IgG were
purchased from Pierce Biotechnologies (Rockford, IL). Secondary
antibodies rabbit anti-mouse Alexa Fluor 488 and goat anti-rabbit
Alexa Fluor 555 were purchased from Invitrogen (Carlsbad, CA).
Stable Transfection With Short Hairpin RNA
The knockdown of ARRB1 expression in A549 cells was performed by stable transfection of a microRNA-adapted short hairpin RNA (shRNA) construct in retroviral pSM2c vector to
specifically target ARRB1 mRNA in A549 human NSCLC cells.
The shRNA construct, empty vector pSM2c, and the shRNAmir
library were purchased from Open Biosystems (Huntsville, AL).
The ARRB1 target sequence was 5′-TGCTGTTGACAGTGAGCGCCGACATTGTATTTGAGGACTTTAGTGAAGC
CACAGATGTAAAGTCCTCAAATACAATGTCGTTGCCT
ACTGCCTCGGA-3′.
A549 cells were transfected with the ARRB1-specific shRNA
construct using Lipofectamine 2000 transfection reagent
(Invitrogen) following the manufacturer’s instructions. The transfected cells were selected using Ham’s F-12K medium containing
10% FBS and 1 µg/mL puromycin (Open Biosystems). A549 cells
transfected with the empty vector pSM2c (A549-EV) were used as
the control for all experiments. A549-ARRB1-shRNA (A549-sh)
cells stably expressing ARRB1 and A549-EV cells were maintained
in Ham’s F-12K medium containing 10% FBS and 1 µg/mL puromycin. A549-RB1-shRNA (sh6 cells) cells stably expressing RB1specific shRNA and A549-control nontargeting-shRNA (NH9
cells) have been previously (38) described and were maintained in
Ham’s F-12K medium containing 10% FBS and 1 µg/mL
puromycin.
Cell Proliferation Assay
A549 cells were plated in poly-d-lysine–coated eight-well chamber
slides at a density of 10 000 cells per well and rendered quiescent
by serum starvation in serum-free Ham’s F-12K medium for
36 hours (15,39). Cells were treated with 1 µM nicotine or medium
containing 10% FBS for 18 hours, and a proliferation assay was
performed using the 5-bromo-2-deoxy-uridine (BrdU) Labeling
and Detection kit II (Roche Applied Science, Indianapolis, IN).
JNCI
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BrdU-positive cells in the S-phase were visualized by microscopy,
and a quantitative analysis of proliferating cells was done by counting three high-power fields of 100 cells in quadruplicate at ×200
magnification on a Leica DMILB inverted phase contrast
microscope (Leica Microsystems, Wetzlar, Germany). The magnitude of BrdU incorporation in control cells was considered to be
equal to 1, and the BrdU incorporation observed in nicotinetreated and medium containing 10% FBS-treated cells was calculated as fold-increase relative to the control cells. The experiment
was performed two independent times with two replicates in each
experiment.
Transient Transfection
HEK293 cells were cultured to 70% confluence in antibiotic-free
DMEM containing 10% FBS and transfected with the following
constructs using Lipofectamine 2000 transfection reagent
(Invitrogen). The gene constructs used for transfection were
pcDNA3-HA-E2F1 and pcDNA3-FLAG-rat ARRB1 (wild type)
(Supplementary Methods, available online). Two micrograms each
of pcDNA3-HA-E2F1, pcDNA3-FLAG-rat ARRB1 (wild type),
or a combination of both were transfected in HEK293 cells using
Lipofectamine 2000 following the manufacturer’s instructions.
Cells transfected with the empty vector pCDNA3 were used as
control (mock transfected). Twenty-four hours after transfection,
lysates were prepared for immunoprecipitation and immunoblotting, as described below.
Immunoprecipitation and Immunoblotting
NHBE and SAEC cells were rendered quiescent by incubating in
BEBM and SABM, respectively, without any supplements, at 37°C
for 24 hours (15). A549 cells were rendered quiescent by serum
starvation in serum-free Ham’s F-12K medium for 36 hours. All
quiescent cells were treated with 1 µM nicotine at 37°C for varying
time periods ranging from 5 minutes to 2 hours (40). Subsequently,
the cells were harvested and washed three times with ice-cold
phosphate-buffered saline (PBS; 138 mM NaCl, 2.7 mM KCl,
1.5 mM KH2PO4, 0.06 mM Na2HPO4·7H2O). Cell lysates made
from exponentially growing cultures of A549 cells in Ham’s F-12K
medium containing 10% FBS were referred to as asynchronous
A549 lysates.
Cell lysates were prepared from NHBE, SAEC, and HEK293
transfected cells by adding 70 µL of lysis buffer (20 mM Tris–HCl
[pH 7.6], 0.5% Nonidet-40 [new name IGEPAL-CA-630], 250 mM
NaCl, 3 mM EGTA, 3 mM EDTA, 4 µM dithiothreitol [DTT],
5 mM phenylmethylsulfonylfluoride [PMSF], 1 mM sodium fluoride, 1 mM sodium orthovanadate, 25 µg/mL leupeptin, 5 µg/mL
pepstatin, 5 µg/mL aprotinin, 25 µg/mL trypsin–chymotrypsin
inhibitor) to 20 µL of packed cell volume (40). The lysate was
rotated at 4°C for 30 minutes and subsequently centrifuged at
15 000g at 4°C for 15 minutes. The protein concentration of the
clarified lysate was measured using a Bio-Rad Protein Assay Kit
(Bio-Rad Laboratories, Hercules, CA).
Fresh-frozen human NSCLC tumor tissues (n = 8) from
patients and matched normal lung tissues (n = 8) were teased with
a sterile surgical forceps on frosted slides (Fisher Scientific,
Pittsburgh, PA) to homogenize the tissues. The tissues were resuspended in 1 mL of ice-cold red blood cell lysis buffer (0.14 M
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NH4Cl and 0.017 M Tris–HCl [pH 7.2]) and incubated on ice for
5 minutes. The cells were washed in red blood cell lysis buffer
three times until red blood cells were no longer visible.
Subsequently, one packed cell volume of cell lysis buffer (20 mM
Tris–HCl [pH 7.6], 0.5% IGEPAL-CA-630, 3 mg/ml bovine
serum albumin, 250 mM NaCl, 3 mM EGTA, 3 mM EDTA, 4 µM
DTT, 5 mM PMSF, 1 mM sodium fluoride, 1 mM sodium
orthovanadate, 25 µg/mL leupeptin, 5 µg/mL pepstatin, 5 µg/mL
aprotinin, 25 µg/mL trypsin–chymotrypsin inhibitor) was added to
the tissues, and lysates were rotated at 4°C for 45 minutes. The rest
of the process was the same as described in the above paragraph.
For co-immunoprecipitation, the cell lysates containing 250 µg
of total proteins were incubated with 1 µg of the following antibodies: Mouse anti-human ARRB1, mouse anti-human pan-bnAChR, mouse anti-influenza HA antibody, rabbit anti-human
E2F1, mouse anti-human RB1, and rabbit anti-human EP300.
The total reaction volume was adjusted to 100 µL with immunoprecipitation buffer (2 mM HEPES [pH 7.9], 40 mM KCl, 0.001
mM MgCl2, 25 mM EGTA, 1 mM EDTA, 1% IGEPAL-CA-630,
1 mM DTT, 5 mM PMSF, 1 mM sodium fluoride, 1 mM sodium
orthovanadate, 25 µg/mL leupeptin, 5 µg/mL pepstatin, 5 µg/mL
aprotinin, 25 µg/mL trypsin–chymotrypsin inhibitor) and rotated
on a nutator at 4°C for 1 hour. After 1 hour, 50 µL of 1:1 protein
G-Sepharose slurry was added (GE Healthcare, Piscataway, NJ)
and the mixture was rotated at 4°C for another 2 hours. The beads
were washed four times in immunoprecipitation buffer. Bound
proteins were eluted in sodium dodecyl sulfate (SDS) sample
buffer (0.06 M Tris–HCl [pH 6.8], 10% glycerol, 2% SDS, and
100 mM DTT, 0.2% w/v bromophenol blue) and resolved on a
10% SDS–polyacrylamide gel. The proteins on the SDS–
polyacrylamide gel were transferred to 0.45 µm nitrocellulose
membranes (Bio-Rad Laboratories), and the interacting proteins
were detected by immunoblotting.
Briefly, nitrocellulose membranes were incubated in a blocking
solution containing 5% nonfat dry milk in PBS containing 0.1%
Tween-20 (Fisher Scientific) at room temperature for 1 hour.
Membranes were incubated at 4°C overnight with the primary
antibodies—mouse anti-human ARRB1 (1:500 dilution), mouse
anti-human TUBA4A (1:2000 dilution), mouse anti-human ACTB
(1:50 000 dilution), rabbit anti-human E2F1 (1:300 dilution),
rabbit anti-human p-AKT1 (1:300 dilution), rabbit anti-human
AKT1 (1:1000 dilution), rabbit anti-human p-SRC (1:300 dilution), mouse anti-human SRC (1:1000 dilution), rabbit antihuman ERK1/2 (1:1000 dilution), mouse anti-HA (1:1000
dilution), mouse anti-FLAG (1:1000 dilution), mouse anti-human
XIAP (1:500 dilution), rabbit anti-human BIRC5 (1:300 dilution),
rabbit anti-human a7-nAChR (1:300 dilution), rabbit-anti-human
PARP-1 (1:1000 dilution), and mouse anti-human RB1 (1:500
dilution) followed by incubation with horseradish peroxidase–
conjugated anti-mouse IgG (1:3000 dilution) or anti-rabbit IgG
(1:3000 dilution) at room temperature for 1 hour. Antibody–
protein complexes were detected using enhanced chemiluminescence immunoblotting detection reagent (GE Healthcare). The
immunoblot blot signals were quantified using Alpha Imager HP
gel documentation system (Cell Biosciences, Santa Clara, CA).
As a control for the experiment, one-third of the amount of
protein was analyzed on the SDS–polyacrylamide gel for each
Vol. 103, Issue 4
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immunoprecipitation reaction (39,40). The experiment was performed two independent times with two independent sets of cell
lysates and tumor lysates.
Immunofluorescence and Confocal Microscopy
For immunostaining, A549, NHBE, and H1650 cells were plated
onto poly-d-lysine–coated eight-well glass chamber slides (7000
cells per well) and rendered quiescent (serum starved for 36 hours)
as described earlier. A549 and H1650 cells were treated with 1 µM
nicotine at 37°C for 15 minutes, and NHBE cells were treated
with the same concentration of nicotine for 15 minutes, 30 minutes or 1 hour. The cells were fixed with 10% formalin and permeabilized with 0.2% Triton-X-100 in PBS at room temperature
for 5 minutes. Subsequently, cells were washed three times for
5 minutes each in PBS and treated with blocking buffer (5% normal
goat serum [Thermo Scientific, Rockford, IN] in PBS) at room
temperature for 1 hour. The cells were incubated with primary
antibody rabbit anti-human ARRB1 (1:200 dilution), overnight at
4°C, as described previously (41). In case of double immunofluoresence experiments, the primary antibodies were rabbit
anti-human ARRB1 (1:200 dilution) and mouse anti-human
E2F1 (1:200 dilution) (41). The cells were washed three times for
15 minutes each in PBS. The cells were then incubated with secondary antibody goat anti-rabbit Alexa Fluor 555 (1:1000 dilution)
for single immunofluorescence experiments and with goat antirabbit Alexa Fluor 555 (1:1000 dilution) and goat anti-mouseAlexa Flour 488 (1:200 dilution) for double-immunofluorescence
experiments, at room temperature for 45 minutes. The cells were
washed three times for 15 minutes each in PBS and mounted with
VECTASHIELD mounting medium with 4′6-diamidino-2phenylindole (Vector Laboratories, Burlingame, CA). Cells were
observed using a Leica TCS SP5 confocal microscope (Leica
Microsystems) at ×630 magnification. Interference between fluorescence signals was avoided by capturing the images using multitracking mode (excitation 480 or 555 nm, emission 570 nm). All
experiments were repeated three independent times.
Preparation of Nuclear and Cytosolic Extracts
A549 cells (1 × 107) were rendered quiescent in serum-free Ham’s
F-12K medium for 36 hours, as before. Cells were then treated
with 1 µM a-bungarotoxin, 1 µM MAA, 1 µM DhbE, 10 µM PP2,
and 10 µM LY294002, in 10 mL serum-free Ham’s F12K medium.
After 30 minutes, 1 µM nicotine was added to the mix and the cells
were incubated at 37°C for 15 minutes. As a positive control, A549
cells were treated with 10 µM delta peptide ([D-Ala2,D-Leu5]
Enkephalin) for 15 minutes. A549 cells were washed twice in icecold PBS and then scraped from the dishes in 1 mL PBS and
transferred to microtubes (42,43). Cells were centrifuged at 2000g
for 5 minutes, the supernatant was discarded, and the cell pellet
was allowed to swell and lyse after the addition of 100 µL hypotonic buffer (10 mM [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] or HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA,
0.5% IGEPAL-CA-630, 1 mM DTT, and 0.5 mM PMSF). The
lysates were incubated on ice for 10 minutes and then centrifuged
at 7200g at 4°C for 5 minutes. Pellets containing crude nuclei were
resuspended in 50 µL of extraction buffer (20 mM HEPES [pH
7.9], 400 mM NaCl, 1 mM EDTA, 1 mM DTT, 5 µg/mL leujnci.oxfordjournals.org  	

peptin, 5 µg/mL pepstatin, 5 µg/mL trypsin–chymotrypsin inhibitor, 5 µg/mL aprotinin, and 1 mM PMSF) and then incubated on
ice for 30 minutes. The samples were then centrifuged at 16 000g
at 4°C for 10 minutes to obtain supernatants containing nuclear
extracts. Nuclear extracts were stored at 270°C, until use (42,43).
To prepare the cytosolic extracts, A549 cells (1 × 107) were
treated as described above and subsequently washed twice in PBS,
scraped from the dishes in 1 mL PBS, and sonicated using Branson
Sonifer 450 (Branson Ultrasonics, Danbury, CT) at power 4 for
30 seconds to disrupt the membranes. Cytosolic extracts were
prepared (44) by differential centrifugation at 15 000g for 15
minutes and stored at 270°C, until use. Protein content of nuclear
and cytosolic extracts was determined as before using Bio-Rad
Protein Assay Kit.
The purity of the nuclear extract was assessed by performing an
immunoblot analysis for PARP-1 using rabbit-anti-human PARP-1
antibody (1:1000 dilution). Similarly, the integrity of the cytosolic
fraction was examined by using mouse anti-human TUBA4A antibody (1:2000 dilution).
ChIP Assay
Quiescent (serum starved) A549 cells (2.5 × 107) were incubated
with 1 µM nicotine in 100 mm tissue culture dishes (BD
Biosciences, Franklin Lakes, NJ) at 37°C for 24 hours. Cells were
treated with 1% formaldehyde for 10 minutes at room temperature for cross-linking the DNA to the proteins. The cross-link
reaction was terminated by addition of 0.125 M glycine (Fisher
Bioreagents, Fisher Scientific, Pittsburgh, PA). The cells were
scraped, washed in ice-cold PBS, and centrifuged at 800g at 4°C
for 5 minutes. Subsequently, the pellet was resuspended in cell
lysis buffer (44 mM Tris–HCl [pH 8.1], 1% SDS, 1 mM EDTA
[pH 8.0]). The cells were sonicated twice for 15 seconds each.
Subsequently, the cell lysates were centrifuged at 10 000g at 4°C
for 15 minutes. The soluble chromatin was precleared with 100 µL
of protein G-Sepharose. A 20% aliquot of the precleared chromatin was used as the input for the ChIP assay. The remainder of the
precleared chromatin was diluted with ChIP dilution buffer
(16 mM Tris–HCl [pH 8.1], 250 mM NaCl, 0.1% SDS, 1%
Triton-X-100, 1.2 mM EDTA) and rotated overnight with primary antibody. The following primary antibodies were used at 10
µg concentration for each ChIP reaction: rabbit anti-human E2F1,
rabbit anti-human EP300, rabbit anti-human acetylated histone
H3, mouse anti-human-ARRB1, rabbit anti-human ARRB1 (EMD
Biosciences), or rabbit anti-human-ARRB1 (Novus Biologicals).
Rabbit anti-mouse IgG antibody was used as the irrelevant antibody for all ChIP reactions. The next day, 60 µL of 1:1 protein
G-Sepharose was added to the immune complexes, and the
mixture was rotated at 4°C for 2 hours. The beads were washed
five times with ChIP dilution buffer and eluted with ChIP elution
buffer (0.1 M sodium bicarbonate, 1% SDS, 5 mM NaCl). The
cross-links were reversed by incubation at 65°C for 4 hours. DNA
was isolated by ethanol precipitation. The associated proteins with
the DNA were digested with 50 µg Proteinase K at 37°C for 30
minutes. DNA was purified by phenol to chloroform ratio extraction
method followed by ethanol precipitation. Purified DNA was resuspended in 50 µL water. The differential binding between proteins and
BIRC5, CDC6, CDC25A, TYMS, and FOS promoter DNA was
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examined by polymerase chain reaction (PCR). The primers are
listed in the Supplementary Methods (available online).
The ChIP assay on human NSCLC tumors (n = 2) and matched
distant normal lung tissue (n = 2) was performed using 30 mg of
each tumor tissue or normal lung tissue sample per immunoprecipitation reaction. Each tissue sample was transferred into a tube
containing 10 mL PBS (supplemented with 10 µg/mL leupeptin,
10 µg/mL aprotinin, 1 mM PMSF) per gram of tissue. Protein–
DNA cross-linking reaction was done using 1% formaldehyde at
room temperature with gentle agitation. After the cross-linking
reaction, tissue samples were disaggregated in ice-cold PBS using
a Dounce homogenizer with type B pestle (Kontes Glass Company,
Vineland, NJ). The rest of the procedure was similar to that of the
cultured cells, as described above. Each ChIP assay was performed
two independent times with independent sets of cell lysates and
tumor lysates.
Transfection With Small Interfering RNA and Assays With
Transfected Cells
Double-stranded small interfering RNA (siRNA) for ARRB1
(sequence: 5′-AAAGCCUUCUGCGCGGAGAAU-3′) was purchased from Qiagen (Valencia, CA) for one of our previous studies
(18). Transient transfection of A549 cells with 50 pmol siRNA was
performed using the Oligofectamine Transfection Reagent
(Invitrogen) according to the manufacturer’s instructions. Eighteen
hours after transfection, the cells were rendered quiescent (serum
starved) and then treated with 1 µM nicotine for 24 hours. Lysates
were prepared for immunoblotting or ChIP assays. The primary
and secondary antibodies for immunoblot and ChIP assays have
been described before.
RNA Isolation and Real-Time PCR
A549-EV and A549-sh cells (1 × 107 cells) were rendered quiescent
(serum starved) and subsequently treated with 1 µM nicotine or
Ham’s F-12K medium containing 10% FBS for 24 hours, and total
RNA was isolated using RNeasy Mini Kit (Qiagen). First-strand
cDNA was synthesized in a 20 µL reaction volume using the BioRad iScript system (Bio-Rad Laboratories). Quantitative real-time
PCR (qPCR) was performed with SYBR Green Supermix Taq Kit
(Bio-Rad Laboratories) and analyzed on iCycler, MyiQ Single
Color Real-Time PCR Detection System (Bio-Rad Laboratories),
equipped with Optical System Software version 1.0. The PCR
conditions were 10 minutes at 95°C, 1 minute at 55°C, 40 cycles
of 15 seconds at 95°C, followed by 30 seconds at 55°C. The realtime PCR primers sequences for BIRC5, TYMS, CDC6, and 18S
RNA were published previously (38,45) and are listed in the
Supplementary Methods (available online).
The mRNA expression data were normalized using 18S RNA
as internal control, and the fold-change in the expression levels was
determined using the quiescent cells as control. Each qPCR
analysis was performed two independent times.
Apoptosis Assay
A549-EV and A549-sh cells were plated on poly-d-lysine–coated
eight-well chamber slides at a density of 10 000 cells per well and
were rendered quiescent (serum starved as before). Subsequently,
these cells were incubated with 1 µM nicotine at 37°C for 30 minutes,
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then 20 µM cisplatin was added, and the cells were incubated at 37°C
for 24 hours (7). Apoptosis was measured by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay using a
DeadEnd TUNEL Colorimetric Kit (Promega, Madison, WI)
according to the manufacturer’s instructions. The TUNEL assays
were repeated twice with two replicates in each of the experiments.
TUNEL-positive apoptotic cells were visualized by microscopy, and
a quantitative analysis of apoptosis was done by counting three
high-power fields of 50 TUNEL-positive cells in quadruplicate at
×200 magnification on a Leica DMILB inverted phase contrast
microscope (Leica Microsystems). The percentage of TUNELpositive cells was calculated. The data were graphically represented
by calculating the means and the 95% confidence intervals (CIs) for
two independent experiments.
Immunohistochemical Staining of ARRB1 in Lung Cancer
Tissue Microarray Slide
A human lung cancer tissue microarray slide (catalog number
IMH-358; Imgenex, San Diego, CA) was immunostained for
ARRB1. The slide contained 59 tissue sections (referred to as
cores) that included normal lung tissues, different carcinomas of
the lung, and metastatic carcinomas. The 59 cores consisted of
nine normal lung tissues adjacent to the tumors, 40 primary
tumors of the lung, and 10 metastatic carcinomas (46). The normal
lung tissues, primary and metastatic carcinomas were histologically
characterized by Imgenex and have been described elsewhere
(http://www.imgenex.com/tissue_array_tds.php?id=924). The
tissue microarray slide was deparaffinized by baking at 62°C for
1 hour and then immersed twice in 100% xylene at room temperature for 10 minutes each, followed by incubating in 100% ethyl
alcohol for 10 minutes, and rehydrated with decreasing concentrations (90%, 80%, 70% and 50%; vol/vol in water) of ethyl alcohol
for 5 minutes each. At the final step the slide was rinsed in cold
water and subjected to microwave antigen retrieval for 20 minutes
on 70% power, with a 1 minute cooling period after every 5 minutes in 0.1 M sodium citrate buffer (pH 6.0). Sections were
cooled for 20 minutes, rinsed three times in distilled water, twice
in PBS, and the rest of the staining was done following the manufacturer’s protocol (VECTASTAIN Elite ABC Kit [Universal],
Vector Laboratories). The kit contained blocking serum, secondary antibody and avidin–biotin–horseradish peroxidase
complex. The slide was blocked with blocking serum for 30 minutes at room temperature followed by incubation with primary
antibody rabbit anti-human-ARRB1 (1:500 dilution; Novus
Biologicals) at 4°C, overnight (39). As negative staining controls,
separate slides were stained wherein the primary antibody was
replaced with either 1% bovine serum albumin in PBS to rule out
the effect of endogenous peroxidase, or isotype-matched irrelevant
rabbit IgG to test for antibody specificity. The slide was rinsed
three times in PBS for 10 minutes each and incubated with secondary antibody for 30 minutes at room temperature. Following
three rinses in PBS again for 10 minutes each, the slide was incubated with avidin–biotin–horseradish peroxidase complex for
30 minutes at room temperature. To detect the bound antibody,
the slide was treated with peroxidase substrate kit (Vector Laboratories), wherein 3,3′-diaminobenzidine (DAB) was the chromogen,
and color developed within 2–3 minutes of adding the DAB solution.
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After a final rinse in distilled water, sections were lightly counterstained in hematoxylin, dehydrated by immersing in increasing
concentrations of ethyl alcohol (50%, 70%, 80%, 90%, and 100%;
vol/vol in water) for 3 minutes each and finally immersed in 100%
xylene twice for 2 minutes each. The slides were mounted in
Clarion mounting medium (Santa Cruz Biotechnology).
Immunostained slides were scanned using the Aperio Automatic
Scanning System from Applied Imaging (San Jose, CA) and scored
by two pathologists (Alexis Lopez and D. Coppola). The semiquantitative score was reached by taking into consideration both
cellularity and intensity of expression (semiquantitative score =
cellularity × intensity). Cellularity was scored as follows: a score of
3 equals to greater than 66% cellularity, a score of 2 equals to
34%–65% cellularity, and a score of 1 equals to less than 33%
cellularity. Intensity was scored as follows: a score of 3 equals to
strong intensity, a score of 2 equals to moderate intensity, and a
score of 1 equals to weak intensity (47). The semiquantitative score
of the normal lung tissue and primary tumors or metastatic tumors
was calculated using two-sided Student t test for statistical significance. The data were considered statistically significant when the
P value was less than .05. Total and nuclear expression of ARRB1
were analyzed and plotted as fold-change. The images were captured at ×200 magnification. The experiment was repeated twice
with two independent arrays.
Statistical Analysis
All data have been graphically represented and statistically analyzed using Microsoft Office Excel 2003 (Microsoft Corporation,
Redmond, WA). In all analyses, means and 95% confidence intervals were estimated. Statistical analysis of mRNA levels, BrdU incorporation assays, TUNEL assays, and protein densitometric
analysis were performed using a two-sided Student t test. P values
less than .05 were considered statistically significant. All statistical
tests were two-sided.

Results
Effect of ARRB1 on Nicotine-Induced Activation of nAChRs
and Cell Proliferation
To investigate the role of ARRB1 in nicotine-induced and nAChRmediated NSCLC cell proliferation, we generated a human
NSCLC cell line (A549) stably expressing ARRB1-specific shRNA
(A549-sh). A549 cells stably transfected with the empty vector
(A549-EV) were used as control. Cell lysates made from exponentially growing cultures of A549 cells (referred to as asynchronous
A549) in Ham’s F-12K containing 10% FBS were used as the positive control for the immunoblotting experiments (Figure 1, A). We
first confirmed the knockdown of ARRB1 expression (Figure 1, A).
Next, we examined if reduced ARRB1 expression showed an effect
on nicotine-induced proliferation of A549 cells by performing
BrdU incorporation assays (Figure 1, B). We found that nicotine
induced a statistically significant increase of BrdU incorporation in
A549-EV cells (untreated vs nicotine-treated A549-EV cells; mean
fold-increase in BrdU incorporation = 1, 95% CI = 1- to 1-fold, vs
2.5-fold, 95% CI = 2.4- to 2.6-fold, P < .001). In contrast, the
increase in BrdU incorporation was statistically significantly
reduced in nicotine-treated A549-sh cells, relative to A549-EV cells
jnci.oxfordjournals.org  	

(nicotine treated A549-EV vs nicotine-treated A549-sh cells, mean
fold-decrease in BrdU incorporation = 2.5- vs 1.1-fold; difference
of mean fold-decrease = 1.4-fold, 95% CI = 0.1- to 0.1-fold, P <
.001). The treatment of A549-EV and A549-sh cells with medium
containing 10% FBS induced similar magnitude of BrdU incorporation (untreated vs 10% FBS-treated A549-EV cells, mean foldincrease in BrdU incorporation = 1-fold, 95% CI = 1- to 1-fold, vs
3.0-fold, 95% CI = 2.9- to 3.1-fold, P < .001; untreated vs 10%
FBS-treated A549-sh cells, mean fold-increase in BrdU incorporation = 1-fold, 95% confidence interval = 1- to 1-fold, vs 2.7-fold,
95% confidence interval = 2.6- to 2.8-fold, P < .001).
Our published data and other studies have shown that ARRB1
plays a vital role in nicotine-induced proliferation of human
NSCLC and the mechanism involves SRC, AKT1, and ERK1/2
signaling pathways (4,5,15,48). Therefore, to investigate the effect
of reduced ARRB1 expression on nicotine-induced signaling pathways, we examined the phosphorylated levels of SRC and ERK1/2
in A549-EV and A549-sh cells. We observed that A549-sh cells
showed reduced levels of phosphorylated SRC and ERK1/2
proteins when induced with nicotine (Figure 1, A).
In our previous studies, we have shown that the binding of nicotine to nAChRs induced the formation of an oligomeric complex
of b-nAChR, ARRB1, and SRC (15,49). These signaling events led
to downstream phosphorylation of SRC, AKT1, and ERK1/2;
however, the sequential order of these signaling events is not
known. Therefore, we conducted a series of experiments to gain
insight into the real-time kinetics of signaling events upon nicotine
treatment of A549 cells. Immunoblot analysis of serum-starved
A549 cells treated with nicotine showed an increased level of phosphorylated SRC within 5 minutes of nicotine treatment (Figure 1,
C). Previous studies have shown that the PIK3CD/AKT pathway
plays a vital role in the antiapoptotic effects of nicotine (5,7,50).
The treatment of NSCLC cell lines as well as normal lung cells
with nicotine is reported to induce phosphorylation of AKT1 at
residues threonine-308 and serine-473, which protects NSCLC
cells from apoptosis induced by DNA damaging agents (5,50,51).
Therefore, we investigated the role of ARRB1 in nicotine-induced
phosphorylation of AKT1 in A549 cells. When A549-EV and
A549-sh cells were treated with nicotine, we observed an increased
level of phosphorylated AKT1 and ERK1/2 in A549-sh cells after
15 minutes, suggesting that AKT1 and ERK1/2 may be phosphorylated subsequent to increased phosphorylation of SRC (Figure 1,
C). The pro-metastatic effects of ARRB1 in colon cancer were
found to involve the sequential activation of SRC and the PIK3CD/
AKT pathways (27), so we investigated whether nicotine treatment
induced a similar sequential order of signaling events in NSCLC
cells. A549 cells were treated with nicotine in the presence or
absence of the PIK3CD/AKT pathway inhibitor, LY294002, and
immunoprecipitation and immunoblot analysis of the cell lysates
showed that inhibiting the PIK3CD/AKT pathway had no effect
on interaction between ARRB1 and SRC (Figure 1, D). Our previous studies demonstrated that nicotine induced the formation of
an oligomeric complex comprising of b-nAChR, SRC, and ARRB1
(15). However, the real-time kinetics of association among
b-nAChR, SRC, and ARRB1 were not known. To investigate the
sequential order of these events in real time, we performed immunoprecipitation and immunoblot analysis of binding between
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Figure 1. Effect of reduced ARRB1 expression on nicotinic acetylcholine receptor (nAChR) signaling in a human non–small cell lung cancer (NSCLC) cell line. A) ARRB1 expression and phosphorylated levels
of nAChR signaling pathway proteins. Human NSCLC cell line, A549,
was stably transfected with an empty vector (A549-EV) or ARRB1specific shRNA (A549-sh). Cells were serum starved for 36 hours and
then induced with nicotine for 5, 10, and 15 minutes. Cell lysates were
analyzed by immunoblot assay, and representative immunoblot of
two independent experiments shows the levels of ARRB1, p-SRC, and
p-ERK1/2. Total SRC and total ERK1/2 levels are also shown. Cell lysates from exponentially growing cultures of A549 cells (asynchronous) were used as the positive control, and mouse anti-human actin,
beta (ACTB) was used as a loading control. B) Effect of nicotine on the
proliferation of A549-EV and A549-sh cells. Serum-starved A549-EV
and A549-sh cells were treated with 1 µM nicotine for 18 hours, and
cell proliferation was measured by 5-bromo-2-deoxy-uridine (BrdU)
incorporation assay. The means and 95% confidence intervals of two
independent experiments are shown. ***P < .001. C) Real-time kinetics of nAChR signaling. Serum-starved A549 cells were treated
with 1 µM nicotine for 5, 10, 15, and 30 minutes. Cell lysates were
analyzed by immunoblot assay and representative immunoblot of
two independent experiments show the levels of p-SRC, p-AKT1, and
p-ERK1/2. Total SRC, AKT1, and ERK1/2 levels are also shown. ACTB
was used as the loading control for the experiment. D) Effect of

PIK3CD/AKT pathway inhibitor, LY294002, on the binding of SRC and
ARRB1. Serum-starved A549 cells were treated with 1 µM nicotine in
the presence or absence of 10 µM of LY294002. Cell lysates were
immunoprecipitated with rabbit anti-human ARRB1 antibody, and
immunoblot analysis was done with mouse anti-human SRC antibody. E) Nicotine-induced time-dependent binding of ARRB1 and
SRC. Serum-starved A549 cells were treated with 1 µM nicotine for 5,
10, 15, 30 minutes, and 2 hours. Cell lysates were immunoprecipitated
with rabbit anti-human ARRB1 antibody, and immunoblot analysis
was done with mouse anti-human SRC antibody. F) Sequential order
of binding of ARRB1 and SRC, and ARRB1 and nAChRs. Serumstarved A549 cells were treated with 1 µM nicotine for 5, 10, 15, and
30 minutes. Cell lysates were immunoprecipitated with mouse antihuman-pan-b-nAChR antibody, and immunoblot analysis was done
with rabbit anti-human ARRB1 antibody. G) Effect of PP2 on nicotineinduced phosphorylation of AKT1. Serum-starved A549 cells were
treated with 1 µM nicotine for 15 minutes in the presence of 10 µM or
50 µM LY294002. The expression of p-SRC and p-AKT1 was analyzed
by immunoblotting. In addition, the levels of total SRC, AKT1, and
ARRB1 were also assessed by immunoblotting. ACTB was used as a
loading control. All immunoblotting results are representative of two
independent experiments. IB = immunoblot; IP = immunoprecipitation ; p = phosphorylated. All P values were calculated using a
two-sided Student t test.

ARRB1 and SRC at different time points after nicotine treatment
of A549 cells. We observed that the interaction between ARRB1
and SRC occurred within 5 minutes of nicotine treatment (Figure
1, E) and interaction between b-nAChR and ARRB1 occurred
later—within 10 minutes of nicotine treatment (Figure 1, F).
Nicotine-induced increased level of phosphorylated SRC was unaffected by treatment with LY294002 in A549 cells (Figure 1, G),
suggesting that activation of the PIK3CD/AKT pathway is not

necessary for the increase in phosphorylated SRC. In contrast, the
SRC inhibitor PP2 showed a substantial reduction in the level of
phosphorylated AKT1, suggesting that the phosphorylation of
AKT1 upon nicotine treatment was probably dependent on SRC.
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Effect of Nicotine on Subcellular Localization of ARRB1
Previous studies have shown that ARRB1 can translocate to the
nucleus in response to the binding of delta peptide to the d- and
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k-opioid receptors (30,34). The nuclear ARRB1 was found to participate in chromatin-remodeling pathways involving CDKN1B
and FOS promoters (30,34). Therefore, we investigated whether
nicotine was able to induce nuclear localization of ARRB1 in normal lung cells namely NHBEs and SAECs and A549 and H1650
NSCLC cell lines. Subcellular location of ARRB1 was studied by

immunofluorescence experiments. We observed that ARRB1 was
ubiquitously distributed in quiescent NHBE cells and treatment
with 1 µM nicotine induced the translocation of a subset of ARRB1
to the nucleus within 15 minutes of treatment (Figure 2, A). A
substantial amount of the ARRB1 remained in the nucleus even
after 1 hour of nicotine treatment.

Figure 2. Effect of nicotine on subcellular localization of ARRB1 in multiple types of human lung cells. A) Effect of nicotine on the localization
of ARRB1 in NHBE normal lung cells. Quiescent NHBEs were treated
with 1 µM nicotine for varying time points, and the localization of
ARRB1 was analyzed by immunofluorescence (×630 magnification,
scale bar = 10 µm). The cells were counterstained with the nuclear
marker, 4′6-diamidino-2-phenylindole (DAPI). B) Effect of nicotine on
translocation of ARRB1 in non–small cell lung cancers. Serum-starved
A549 and H1650s were treated with 1 µM nicotine (denoted as Nic) for
15 minutes, and the localization of ARRB1 was analyzed by immunofluorescence (×630 magnification, scale bar = 10 µm). The cells were
counterstained with the nuclear marker, DAPI. C) Effect of PIK3CD/AKT
and SRC pathway inhibitors on nicotine-induced nuclear localization of
ARRB1. Serum-starved A549 and H1650s were treated with 1 µM nicotine in the presence or absence of LY294002 (PIK3CD/AKT pathway inhibitor) or PP2 (SRC pathway inhibitor) for 15 minutes, and the
localization of ARRB1 was visualized by confocal microscopy (×630
magnification, scale bar = 10 µm). The cells were counterstained with
the nuclear marker, DAPI. D) Effect of nicotine on localization of ARRB1

in subcellular fractions of A549 cells. Nuclear and cytosolic extracts
were prepared from serum-starved and nicotine-treated A549 cells.
Immunoblotting analysis was performed to examine the nuclear localization of ARRB1. As a positive control, immunoblotting was performed
to assess the localization of ARRB1 in nuclear and cytosolic extracts
prepared from A549 cells treated with 10 µM delta peptide. E) Effect of
DhbE (a3/b2-nicotinic acetylcholine receptor [nAChR] antagonist),
LY294002, or PP2 on nicotine-induced nuclear translocation of ARRB1
in A549 cells. Serum-starved A549 cells were treated with 1 µM nicotine
in the presence or absence of different nAChR antagonists a-lobeline
(a4/b2-nAChR antagonist), a-bungarotoxin (a7-nAChR subunit antagonist), MAA (a7-nAChR subunit antagonist), and DhbE. LY294002 or PP2
for 15 minutes and nuclear and cytosolic extracts were prepared. The
subcellular localization of ARRB1 was examined by immunoblotting.
The integrity of the nuclear extracts was confirmed by immunoblotting
for PARP-1. Similarly, the purity of cytoplasmic extracts was assessed
by analyzing the level of TUBA4A. All the immunoprecipitationimmunoblotting and immunofluorescence assays are representative of
two independent experiments. Nic = nicotine.
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Treatment of serum-starved A549 and H1650 cells with 1 µM
nicotine for 15 minutes caused a robust nuclear localization of
ARRB1 (Figure 2, B). Next, we investigated if LY294002 and PP2
showed an effect on nicotine-induced nuclear translocation of
ARRB1 at 15 minutes in A549 cells and observed that ARRB1 translocation was substantially blocked by these inhibitors (Figure 2, C).
To confirm these findings, we performed a subcellular fractionation of nicotine-treated A549 cells and assessed the level of
ARRB1 in the cytosolic and nuclear extracts by immunoblot
analysis (Figure 2, D). We detected ARRB1 predominantly in the
cytosolic extract in serum-starved A549 cells, and treatment with
1 µM nicotine showed an enrichment of ARRB1 protein in the
nuclear extract. The delta peptide was used as the positive control
because it is known to induce nuclear translocation of ARRB1
protein in HEK293 cells (30,34). Furthermore, nuclear translocation of ARRB1 was inhibited by DhbE (a3/b2-nAChR antagonist), but unaffected by a-lobeline (a4/b2-nAChR antagonist),
a-bungarotoxin (a7-nAChR antagonist), or MAA (a7-nAChR
antagonist) (Figure 2, E). Immunoblotting for PARP-1 and
TUBA4A confirmed the integrity of nuclear and cytosolic extracts,
respectively. These results indicated that the translocation of
ARRB1 to the nucleus was nAChR-dependent.
Effect of Nicotine on Interaction Between ARRB1 Protein
and E2F Pathway
We have previously shown that A549 cells treated with 1 µM nicotine recruit E2F1 transcription factor on proliferative promoters
of CDC6, CDC25A, and BIRC5 genes (10,44). Because ARRB1 has
no discernible DNA-binding domain (16,52), we hypothesized
that it may affect the expression of proliferative genes via interaction with transcription factors like E2F1. Therefore, we investigated whether ARRB1 could bind to E2F1 in the nucleus. The
ability of endogenous ARRB1 to bind to E2F1 in a signal-dependent
process was examined by double-immunofluorescence experiments. Nicotine-treated and serum-starved (quiescent) A549 cells
were immunostained for ARRB1 and E2F1 (Figure 3, A). Although
we detected only negligible association between ARRB1 and E2F1
proteins in quiescent A549 cells, we found that nicotine treatment
induced the translocation of a subset of ARRB1 to the nucleus,
where it colocalized with E2F1 transcription factor.
To confirm the above results, we performed immunoprecipitation and immunoblot analysis on HEK293 cells transiently transfected with pcDNA3-HA-E2F1 pcDNA3-FLAG-rat ARRB1 or a
combination of both. We observed that E2F1 and ARRB1 proteins
interacted in these transfected cells (Figure 3, B). Also, association
between endogenous E2F1 and endogenous ARRB1 was detected
at 15 minutes, 30 minutes, and 1 hour of nicotine treatment of
quiescent A549 cells (Figure 3, C). A direct association between
E2F1 and ARRB1 proteins was also observed in human normal
lung cells, NHBEs, and SAECs, treated with 1 µM of nicotine for
15 minutes (Figure 3, D). Because RB1 is a major regulator of
E2F1 (37), we next examined whether ARRB1 could also interact
with RB1. Previous studies have shown that nuclear localization of
ARRB1 is accompanied by the recruitment of both ARRB1 and
EP300 to the CDKN1B and FOS promoters facilitating histone
acetylation and transcription of genes (30,31,34). We next assessed
whether a similar event occurred in response to nicotine treatment
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of NSCLC cells, which led to enhanced levels of E2F-responsive
proliferative genes. Both quiescent and nicotine-treated A549 cells
showed that there was no association between ARRB1 and RB1,
but in nicotine-treated cells, ARRB1 associated with E2F1 and
EP300 (Figure 3, E).
Furthermore, to identify the domain of the E2F1 protein that
binds with ARRB1 protein, we performed in vitro GST pull-down
assays (Supplementary Methods, available online), with different
constructs expressing different domains of E2F1 (39,53). The
GST-RB1 construct was used as a positive control because RB1 is
known to interact with E2F1 protein. We tested the binding of
GAL4-E2F1(amino acids 304–437) and E2F1(amino acids 89–304)VP16 with ARRB1 (Supplementary Figure 1, A and B, available
online). The binding between ARRB1 and E2F1 was mediated
through amino acids 89–304 of E2F1, and its transactivation domain
was not needed (Supplementary Figure 1, B, available online).
Additional GST pull-down assays showed that amino acids 103–284
of E2F1 were required for the binding of E2F1 to ARRB1
(Supplementary Figure 1, B, available online). Next, we investigated
the regions of ARRB1 protein required for its association with E2F1.
We observed that amino acids 1–163 of ARRB1 were required for
binding with E2F1 (Supplementary Figure 1, C, available online). In
addition to E2F1, other members of the E2F pathway like E2F2 and
E2F3 also showed binding with ARRB1 upon nicotine treatment
(Supplementary Figure 2, A and B, available online).
Nuclear ARRB1 and Histone Acetylation at Proliferative
Promoters
Next, we performed in vivo ChIP assays to investigate the effect of
ARRB1 protein on histone acetylation at BIRC5, CDC6, and
CDC25A promoters in response to nicotine treatment in NSCLC
cells. Quiescent A549 cells were treated with 1 µM nicotine for
24 hours, and the binding between the E2F-responsive promoters
(BIRC5, CDC6, and CDC25A) and E2F1, ARRB1, acetylated histone H3 (Ac-H3), and EP300 proteins was investigated (Figure 4, A).
We detected binding between the promoters and E2F1 protein in
quiescent cells, but not with ARRB1, Ac-H3, and EP300 proteins;
however, induction with nicotine showed binding between the
promoters and ARRB1, Ac-H3, and EP300 proteins. The FOS
promoter was used as a negative control because it not regulated by
E2F (39,40,53,54). Furthermore, the recruitment of ARRB1 on the
E2F-responsive CDC25A and TYMS promoters (35,39,40,54–56)
was confirmed by ChIP assays using three different commercial
antibodies to ARRB1; all gave similar results (Figure 4, B).
Knockdown of ARRB1 mRNA expression using ARRB1-specific
siRNAs abolished the recruitment of EP300 and Ac-H3 proteins on
BIRC5, CDC6, and CDC25A promoters in response to nicotine
(Figure 4, C, and Supplementary Figure 3, available online).
Collectively, these results showed that recruitment of ARRB1 to
E2F-responsive promoters was a specific event induced by nicotine
in cultured human NSCLC cells.
Effect of Nicotine and Serum on the Recruitment of
ARRB1 and Ac-H3 on E2F-Responsive Proliferative
Promoters
Taken together, the results of ChIP assays (Figure 4) showed that
the treatment of human NSCLC cells with nicotine promoted
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Figure 3. Effect of nicotine on association between
E2F1 and ARRB1 in human non–small cell lung
cancer cells. A) Serum-starved A549 were treated
with 1 µM nicotine for 15 minutes, and localization of ARRB1 and E2F1 was analyzed by doubleimmunoflourescence staining followed by
confocal microscopy (×630 magnification, scale
bar = 5 µm). The cells were counterstained with
the nuclear marker, 4′6-diamidino-2-phenylindole.
Overlay of the images show yellow spots indicating colocalization in the bottom right panel.
B) Effect of overexpression of pcDNA3-FLAG-rat
ARRB1 (wild type) and pcDNA3-HA-E2F1 in
HEK293 cells. HEK293 cells were transfected with
the above plasmids, and the physical interaction
between ARRB1 and E2F1 was analyzed 24 hours
after transfection by immunoprecipitation with
mouse anti-HA antibody followed by immunoblotting using mouse anti-FLAG antibody. In addition, immunoblot analysis was done for FLAG
and HA expression. C) Real-time kinetics of
ARRB1–E2F1 interaction upon nicotine treatment
of A549 cells. Serum-starved A549 cells were
treated with 1 µM nicotine for 15 minutes, 30 minutes, and 1 hour, and the physical interaction
between ARRB1 and E2F1 was analyzed by
immunoprecipitation–immunoblot
assay.
Furthermore, the E2F1 immunoprecipitates were
immunoblotted for RB1 to demonstrate equivalent amount of E2F1. D) Effect of nicotine on the
association of ARRB1 and E2F1 in normal lung
epithelial cells, NHBEs and SAECs. Quiescent
NHBEs and SAECs were treated with 1 µM nicotine for 15 minutes, and the physical interaction
between ARRB1 and E2F1 was analyzed by
immunoprecipitation–immunoblot
analysis.
Furthermore, the E2F1 and ARRB1 immunoprecipitates were immunoblotted with E2F1 and
ARRB1 to demonstrate equivalent amounts of
protein. E) Effect of nicotine on binding of ARRB1
to E2F1, RB1 and EP300. Serum-starved A549
cells were treated with 1 µM nicotine for 2 hours.
The binding of ARRB1 to E2F1, EP300, and RB1
was analyzed by immunoprecipitation–immunoblotting experiment. Immunoprecipitation with anti-mouse HA antibody was used as the negative control for the experiment. The above-mentioned
immunoprecipitates were immunoblotted for RB1 protein. All the immunofluorescence and immunoprecipitation–immunoblotting experiments
are representative of two independent experiments. IB = immunoblot; IP = immunoprecipitation.

histone acetylation on E2F-responsive promoters like CDC25A and
TYMS. Next, ChIP assays were performed to analyze the binding of
ARRB1 and Ac-H3 to E2F-responsive promoters in response to
nicotine treatment vs 10% FBS treatment in A549-EV and A549-sh
cells. Quiescent A549-EV and A549-sh cells showed binding of
E2F1 alone on BIRC5, CDC6, and CDC25A promoters (Figure 5, A).
Nicotine treatment induced the binding of E2F1, ARRB1, EP300,
and acetylated H3 on these promoters in A549-EV cells and not in
A549-sh cells (Figure 5, A). However, there was no difference in the
recruitment of EP300 and Ac-H3 when both A549-EV and A549-sh
cells were incubated in medium containing 10% FBS (Figure 5, B)
showing that ARRB1 functions predominantly in response to nicotine-induced signaling but not in response to serum.
Effect of ARRB1 on the Expression of E2F-Regulated
Proliferative Genes
Next, we conducted a series of experiments to examine whether
ARRB1 was essential for nicotine-induced expression of E2Fregulated genes involved in cell proliferation. Real-time PCR
analysis showed that nicotine statistically significantly induced the
jnci.oxfordjournals.org  	

levels of BIRC5, CDC6, and TYMS genes in A549-EV cells but not
in A549-sh cells (for BIRC5, A549-EV vs A549-sh, mean foldincrease in mRNA upon nicotine treatment = 20.7-fold, 95% CI =
19.2- to 22.2-fold, vs 0.8-fold, 95% CI = 0.78- to 0.82-fold, P <
.001; for TYMS, A549-EV vs A549-sh, mean fold-increase in
mRNA upon nicotine treatment = 7.5-fold, 95% CI = 6.0- to 8.0fold, vs 1.0-fold, 95% CI = 0.99- to 1.001-fold, P < .001; for CDC6,
A549-EV vs A549-sh, mean fold-increase in mRNA upon nicotine
treatment = 9.1-fold, 95% CI = 8.6- to 9.7-fold, vs 1.0-fold, 95%
CI = 0.99- to 1.001-fold, P < .001) (Figure 6, A). However, the
treatment of cells with medium containing 10% FBS induced the
above-mentioned promoters in both A549-EV and A549-sh cells to
a comparable extent (Figure 6, B) (P >.05). We have previously
shown that nicotine protected NSCLC cells from anticancer druginduced apoptosis via an increased expression of XIAP and BIRC5
(7). We next examined whether ARRB1 plays a role in the antiapoptotic effects of nicotine. Analysis of apoptosis by TUNEL assays
showed that nicotine-treated A549-sh cells regained their sensitivity
to cisplatin-induced apoptosis compared with nicotine-treated
A549-EV cells (nicotine and cisplatin-treated A549-EV vs nicotine
JNCI
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Additionally, nicotine treatment of A549-sh cells showed
decreased expression of XIAP and BIRC5 compared with A549-EV
cells (Figure 6, D). Taken together, ARRB1 appeared to play a
critical role in the proliferative and antiapoptotic signaling by
nAChRs (56–58) by facilitating the expression of E2F-regulated
genes, BIRC5, TYMS, and CDC6, and thereby contributing to
nicotine-mediated growth of NSCLC cells.
ARRB1 Expression and ARRB1-E2F1 Complexes in Human
NSCLC Tumors From Smokers
Our next objective was to assess whether ARRB1 expression or the
binding of ARRB1 to E2F1 (referred herewith as ARRB1–E2F1
complexes) were increased in human NSCLC tumors relative to
normal lung tissues. Human NSCLC tumors (n = 8) were paired
with matched distant normal lung tissue samples (n = 8) obtained
from NSCLC patients who were active smokers or had a smoking
history. Immunoprecipitation and immunoblot analysis of the lysates of these samples showed that the amount of ARRB1–E2F1
complex was increased in seven out of eight tumors (Figure 7, A)
relative to matched distant normal lung tissue. Densitometric
analysis demonstrated that the magnitude of ARRB1–E2F1
complex was statistically significantly higher (P < .05) in the
NSCLC tumor tissue relative to matched distant normal lung
tissue (Supplementary Figure 4, A, available online). Levels of
E2F1 and ARRB1 were greater in six of eight NSCLC tumor
samples compared with normal lung tissue, whereas the levels of
a7-nAChR and RB1 were similar in tumor and normal tissues
(Figure 7, A). Furthermore, ChIP assays on four human NSCLC
tumor samples showed increased levels of E2F1, ARRB1, EP300,
and Ac-H3 associated with BIRC5, CDC6, and CDC25A promoters
in tumor tissues compared with matched distant normal lung tissue
(Figure 7, B, and Supplementary Figure 4, B, available online).
These results indicated that the nuclear ARRB1 probably played a
role in the enhanced growth of NSCLCs.

Figure 4. Role of ARRB1 in the binding of E2F1, Ac-H3, and EP300 with
E2F1-responsive promoters upon nicotine treatment of A549 cells.
A) Effect of nicotine on the recruitment of E2F1, ARRB1, Ac-H3, and EP300
to E2F1-responsive promoters. Serum-starved A549 cells were treated
with 1 µM nicotine for 24 hours, and the relative binding of E2F1, ARRB1,
Ac-H3 and EP300 with E2F1-responsive promoters like BIRC5, CDC6 and
CDC25A was measured by chromatin immunoprecipitation (ChIP) assay.
FOS promoter was used as a negative control. B) ChIP assays were performed using three antibodies against ARRB1 from three different vendors. Serum-starved A549 cells were incubated with 1 µM nicotine for 24
hours, and the relative binding of ARRB1 with BIRC5, CDC6, and CDC25A
promoters was examined. FOS promoter was used as a negative control.
C) Effect of silencing of ARRB1 by siRNA on nicotine-induced binding of
Ac-H3 and EP300 with the E2F1-responsive promoters. A549 cells were
transfected with ARRB1 siRNA or control siRNA. The relative binding of
E2F1, ARRB1, and Ac-H3 in untransfected and transfected cells was analyzed by ChIP assay. Rabbit anti-mouse IgG was used as the irrelevant
antibody for all ChIP reactions. The input DNA lane represents one-fifth of
the precleared chromatin used in each ChIP reaction. The results presented in this figure are representative of two independent transfection
experiments and ChIP assays. Ab = antibody; IP = immunoprecipitation .

and cisplatin-treated A549-sh cells, mean percentage-increase in
TUNEL-positive cells = 25%, 95% CI = 24.9% to 25.1%, vs
64.6%, 95% CI = 64.1% to 65.1%, P < .001) (Figure 6, C).
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ARRB1 Levels in Human NSCLCs
Human lung cancer tissue microarrays were immunostained for
ARRB1 using rabbit anti-human ARRB1 antibody to determine
whether total ARRB1 and nuclear ARRB1 levels were increased in
human NSCLC tissues relative to matched distant normal lung
tissues. Primary squamous cell carcinomas and bronchioalveolar
carcinomas showed elevated levels of ARRB1 relative to matched
distant normal lung tissues (Figure 8, A). Furthermore, ARRB1
appeared to be more nuclear in the tumor sections (normal lung
tissue vs primary squamous cell carcinoma, mean fold-increase in
nuclear ARRB1 expression = 1-fold, 95% CI = 1- to 1-fold, vs 1.7fold, 95% CI = 1.4- to 2-fold, P < .001; normal lung tissue vs primary bronchioalveolar cell carcinoma, mean fold-increase in nuclear
ARRB1 expression = 1-fold, 95% CI = 1- to 1-fold, vs 1.4-fold, 95%
CI = 1.1- to 1.7-fold, P < .01). Highest levels of nuclear ARRB1
were observed in metastatic cancers (normal lung tissue vs metastatic adenocarcinoma, mean fold-increase in nuclear ARRB1
expression = 1-fold, 95% CI = 1- to 1-fold, vs 1.8-fold, 95%
CI = 1.5- to 2.1-fold, P<.001; normal lung tissue vs metastatic bronchioalveolar cell carcinoma, mean fold-increase in nuclear ARRB1
expression = 1-fold, 95% CI = 1- to 1-fold, vs 1.8-fold, 95%
CI = 1.5- to 2.1-fold, P < .001) (Figure 8, B). Total ARRB1 levels
Vol. 103, Issue 4
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Figure 5. Effect of suppression of ARRB1 on
nicotine-induced vs serum-induced association
of E2F1, ARRB1, Ac-H3, and EP300 with E2F-1
responsive promoters. A) Effect of nicotine on
the binding of E2F1, ARRB1, Ac-H3, and EP300
with BIRC5, CDC6, and CDC25A promoters in
A549-EV and A549-sh cells. Serum-starved
A549-EV and A549-sh cells were treated with 1
µM nicotine for 24 hours, and the association of
E2F1, ARRB1, Ac-H3, and EP300 with BIRC5,
CDC6, and CDC25A promoters was assessed by
chromatin immunoprecipitation (ChIP) assays.
FOS promoter was used as a negative control.
B) Effect of serum (medium containing 10%
FBS) on the association of E2F1, ARRB1, Ac-H3,
and EP300 with BIRC5, CDC6, and CDC25A promoters in A549-EV and A549-sh cells. Serumstarved A549-EV and A549-sh cells were
incubated with medium containing 10% fetal
bovine serum for 24 hours, and the association
of E2F1, ARRB1, Ac-H3, and EP300 with BIRC5,
CDC6, and CDC25A promoters was examined
by ChIP assays. FOS promoter was used as a
negative control. Rabbit anti-mouse IgG was
used as the irrelevant antibody for all ChIP
reactions. The input lane represents one-fifth of
the precleared chromatin used in each ChIP
reaction. The results presented in this figure are
representative of two independent ChIP assays.
Ab = antibody; IP = immunoprecipitation.

were elevated in distant metastatic lung tumors (normal lung tissue
vs metastatic carcinoma, mean fold-increase in total ARRB1 expression = 1-fold, 95% CI = 1- to 1-fold, vs 1.6-fold, 95% CI = 1.3- to
1.9-fold, P < .001), but the primary lung adenocarcinoma did not
have substantially higher level of total ARRB1 than the normal
tissue (Figure 8, C). Taken together, these results indicate that elevated levels of ARRB1 in squamous cell carcinoma, bronchioalveolar carcinoma, and metastatic adenocarcinoma may contribute at
least, in part, to the growth and metastasis of NSCLC (56–58).

Discussion
In this study, we showed for the first time that ARRB1 was vital to
the proliferative and antiapoptotic activity of nicotine in human
NSCLC cells. In addition, our data demonstrated that nicotine
could induce the translocation of ARRB1 to the nucleus in normal
lung cells and NSCLC cells. Nuclear ARRB1 directly bound to the
E2F family of transcription factors in both NSCLC cell lines and
in human NSCLC tumors. The levels of ARRB1–E2F complex
were greater in NSCLC tumor tissues of smokers compared with
matched distant normal lung tissue. ARRB1 was detected on the
promoters of E2F-responsive proliferative and prosurvival genes
where it facilitated histone acetylation. These results indicated that
ARRB1 was involved in regulating the expression of E2F target
proliferative genes like CDC6, TYMS, and prosurvival genes like
BIRC5. Finally, analysis of ARRB1 levels in human NSCLC tumor
jnci.oxfordjournals.org  	

microarray revealed enhanced nuclear and total ARRB1 levels in
tumor tissues compared with normal lung tissue. Taken together,
this study shows a novel function for ARRB1 in nicotine-induced
survival of human NSCLC and the mitogenic pathways involved
in the process.
ARRB1 is a scaffolding protein involved in GPCR desensitization (16,52) and can also facilitate the functioning of non-GPCRs
like Frizzled, Notch, and the nAChRs (15,19–21). Here, we show
for the first time that nAChR signaling in normal lung epithelial
cells and NSCLCs is at least, in part, mediated by the nuclear
functions of ARRB1. The nuclear localization of ARRB1 was
found to be dependent on nAChR function SRC and PIK3CD/
AKT pathway. Given the established role of SRC and AKT1 in
tumor progression and metastasis (59,60), it is probable that nuclear ARRB1-induced gene regulation plays a role in facilitating
the survival and growth of NSCLC tumors (20,26,27,29,33,52).
The enrichment of ARRB1 was observed in proliferative promoters like CDC25A, CDC6, and prosurvival promoters like
BIRC5, which are known to promote tumor growth (7).
This study also shows that nuclear ARRB1 can directly bind
to the E2F family of transcription factors. The treatment of
A549 NSCLC cells with nicotine led to the formation of an
oligomeric complex comprising of ARRB1, E2F1, and EP300,
which facilitated the acetylation of histones and E2F1, inducing
the transcription of proliferative and prosurvival genes. Our
findings are in agreement with previous studies, which showed
JNCI
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Figure 6. Effect of ARRB1-specific siRNA on
nicotine-induced overexpression of E2Fresponsive genes and on antiapoptotic effects of nicotine. A) Effect of silencing of
ARRB1 on BIRC5, CDC6, and CDC25A mRNA
levels in response to nicotine treatment
in A549-EV and A549-sh cells. Serumstarved A549-EV and A549-sh cells were
treated with 1 µM nicotine for 24 hours.
Subsequently, the levels of BIRC5, CDC6,
and TYMS mRNA were analyzed by realtime polymerase chain reaction (PCR). The
means and 95% confidence intervals from
two independent experiments are presented ***P < .001. B) Effect of suppression
of ARRB1 levels on serum-induced overexpression of BIRC5, CDC6, and CDC25A
mRNA. Serum-starved A549-EV and
A549-sh cells were incubated with medium
containing 10% fetal bovine serum for 24
hours, and the levels of BIRC5, CDC6, and
TYMS mRNA were analyzed by real-time
PCR. C) Role of ARRB1 in antiapoptotic
effects of nicotine. Serum-starved A549-EV
and A549-sh cells were treated with 1 µM
nicotine for 30 minutes, then 20 µM cisplatin was added, and the cells were incubated for 24 hours. Apoptosis was measured
by terminal deoxynucleotidyl transferase
dUTP nick end labeling assay. The means
and 95% confidence intervals from two
independent experiments are shown ***P <
.001. D) Effect of suppression of ARRB1
levels on the induction of XIAP and BIRC5 in response to nicotine. Serum-starved A549-EV and A549-sh cells were treated with 1 µM nicotine for
24, 48, or 72 hours. The expression levels of XIAP, BIRC5, and ARRB1 were analyzed by immunoblotting. ACTB was used as a loading control. All
P values were calculated using a two-sided Student t test.

that nuclear translocation of ARRB1 in response to delta-opioid
receptor signaling increased the transcription of cell cycle regulatory genes like CDKN1B and FOS (30,31). Previous studies
have shown that CDKN1B is an E2F-responsive gene (35,37,55)

that is frequently dysregulated in NSCLCs (61). Therefore, the
ARRB1-E2F1-signaling axis might represent a novel pathway of
gene expression in NSCLC that regulates proliferation and
survival.

Figure 7. The levels of ARRB1–E2F1
complexes and association of E2F1,
ARRB1, Ac-H3, and EP300 with BIRC5
promoter in human NSCLC tumors. A)
The levels of ARRB1–E2F1 complexes
in human NSCLC tumor tissues relative to matched distant normal lung
tissues. Tissue lysates were prepared
from human NSCLC tumors (n = 8)
and matched distant normal lung
tissue (n = 8). Immunoprecipitation–
immunoblotting analysis was performed to compare the levels of
ARRB1–E2F1 complexes in the above
lysates. The E2F1 immunoprecipitates
were analyzed for the level of
RB1 protein by immunoblotting. The
NSCLC tumor tissues were also analyzed for levels of E2F1, ARRB1, RB1,
and a7-nAChR relative to matched distant normal lung tissue. ACTB was
used as a loading control. B) Relative
association of E2F1, ARRB1, Ac-H3,
and EP300 with BIRC5 promoter in
human NSCLC tumor tissue relative to
matched distant normal lung tissue.
Chromatin immunoprecipitation (ChIP)
assays were performed to compare the
levels of E2F1, ARRB1, Ac-H3, and EP300 bound to BIRC5 promoter in these tissues. FOS promoter was used as a negative control. Rabbit antimouse IgG was used as the irrelevant antibody for all ChIP reactions. The input DNA lane represents one-fifth of the precleared chromatin used
in each ChIP reaction. The results presented in this figure are representative of two independent immunoprecipitation–immunoblotting assays.
Ab = antibody; IB = immunoblot; IP = immunoprecipitation.
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Figure 8. Total ARRB1 expression and its subcellular localization in
human lung cancer tissue microarray. A) Immunohistochemical staining of ARRB1 in human lung cancer tissue arrays. Immunostaining
was performed using rabbit anti-human ARRB1 antibody and
representative images of ARRB1 expression in normal lung tissue,
squamous cell carcinomas, adenocarcinomas, bronchioalveolar carcinomas, and metastatic carcinomas are shown. Magnification = ×200.
Scale bar = 10 µm. B) Quantitative analysis of nuclear ARRB1 in lung
tissue microarray. The immunostaining of ARRB1 in primary squamous cell carcinomas (n = 13), adenocarcinomas (n = 4), bronchioalveolar carcinomas (n = 4), and metastatic carcinomas (n = 10) relative
to normal tissue (n = 9) was quantified by using semiquantitative
scoring method based on cellularity and intensity of expression.
Normal lung tissue vs squamous cell carcinomas, ***P < .001; normal

lung tissue vs adenocarcinomas, *P < .4; normal lung tissue vs bronchioalveolar carcinomas, **P < .1; and normal lung tissue vs metastatic carcinomas, ***P < .003. C) Quantitative analysis of total ARRB1
in lung tissue microarray. The immunostaining of total ARRB1 in primary squamous cell carcinomas, adenocarcinomas, bronchioalveolar
carcinomas, and metastatic carcinomas, relative to normal tissue, was
quantified by using semiquantitative scoring method based on cellularity and intensity of expression. Normal lung tissue vs squamous
cell carcinomas, ***P < .01; normal lung tissue vs adenocarcinomas,
*P < .5; normal lung tissue vs bronchioalveolar carcinomas, **P < .1;
and normal lung tissue vs metastatic carcinomas, ***P < .004. The
means and 95% confidence intervals of two independent arrays
are shown. All P values were calculated using a two-sided Student t
test.

Our data suggest that ARRB1 facilitates the acetylation of histones in NSCLCs, specifically in response to nicotine and not in
response to serum. It is also possible that nicotine-induced nuclear
ARRB1 enhances the acetylation of other cellular proteins, leading
to transcriptional activation. For example, acetylation of E2F1 has
been found to increase its affinity for E2F1–DNA-binding sites,
leading to enhanced transactivation of E2F1-responsive promoters
(62–64). Our previous studies have shown that vascular endothelial
growth factor enhances the acetylation of E2F1 and promotes the
recruitment of acetyl transferases like cAMP-response elementbinding protein binding protein (CREBBP), EP300 and P300/
CREBBP associated factor (KAT2B) on the pro-angiogenic fmsrelated tyrosine kinase-1 (FLT-1), and kinase insert domain receptor (KDR) promoters (65). It is known that the acquisition of
angiogenic phenotype is vital for the sustained growth of NSCLCs.
Therefore, it is possible that the ARRB1-E2F1 pathway contributes to the progression of NSCLCs, by facilitating the expression
of genes like FLT-1 and KDR (66–68).

Although, we describe results that are novel and relevant to
NSCLC, this study has a few limitations. For example, our
results do not shed light on the specific functions of the binding
of nuclear ARRB1 with individual E2F family members. It
remains a possibility that the transcriptional regulatory functions of ARRB1 (in response to nicotine) are mediated at least,
in part, by transcription factors other than E2F. The extent of
such interactions and their relevance to nicotine-induced signaling in NSCLC is not known. Similarly, it is not clear from
the above studies whether the only genes that are regulated are
those involved in proliferation and survival. A broader analysis
of gene expression profiles would be necessary to answer these
questions.
In this study, we showed for the first time that the association of
ARRB1, E2F1, and EP300 on proliferative promoters occurred in
response to nicotine and not in response to serum. The above observation is associated with increased magnitude of ARRB1–E2F1
complex in NSCLC tumors from patients who were either current
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smokers or had a smoking history. The development of NSCLCs
shows a strong epidemiological association with cigarette smoking
(1). Our data raise the possibility that nicotine-induced nuclear
translocation of ARRB1, and its subsequent binding to E2F1 may
be an important event mediating the growth and progression of
NSCLCs as a result of exposure to tobacco carcinogens. Considering
that exposure to nicotine induces epithelial–mesenchymal transition
(69) and metastasis of NSCLC (46,69–72), these observations seem
to suggest that nuclear functions of ARRB1 might be contributing
to the growth and metastasis of NSCLCs, especially in smokers.
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