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Abstract. Treatments of non-small cell lung cancer (NSCLC), the most common form of lung cancer,
still remain poor. Interferon alpha (IFN-a), an important physiological immunomodulator, possesses
direct cytotoxic and cytostatic effects on tumour cells, antiangiogenic effects, and activates anti-tumour
immunity. Recently, the IFN-a oncologic indications have included melanoma, renal carcinoma, and
different types of leukaemia. However, the application of IFN-a in therapy of lung cancer has not
been validated yet. Herein the human lung carcinoma cell line A549, a model of NSCLC in vitro, was
used to pursue the effect of IFN-a on A549 cell proliferation and differentiation together with the
effect on protein expression and activity of three ATP-transporters mediating multi-drug resistance
(MDR). IFN-a significantly inhibited the proliferation of A549 cells which was not connected with
arrestin a particular cell cycle phase. Further, IFN-a-mediated differentiation of A549 was observed
based on an increase in alkaline phosphatase activity. Simultaneously, IFN-a increased the expres-
sion and activity of ATP-transporters mediating MDR. Thus, the IFN-a down-regulation of NSCLC
cell proliferation was accompanied by a potential of cells to exclude potential therapeutic substances
such as chemotherapeutic agents. These effects could have a significant impact on considerations of
IFN-a as a therapeutic agent for NSCLC.
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Introduction

Lung cancer is a significant and widespread disease that con-
stitutes a major public health problem worldwide (Hoang et
al. 2002). The most common form of lung cancer is non-small
cell lung cancer (NSCLC) that includes large cell lung cancer,
squamous cell carcinoma and adenocarcinoma (Maione et
al. 2004). Treatment outcomes for NSCLC still remain poor,
although a number of biological agents, both single agents
and combined with other conventional treatment modali-
ties such as chemotherapy and radiotherapy, were evaluated
(Hoang et al. 2002; Sandler 2003; Maione et al. 2004).

An important group of immunotherapeutics are interfer-
ons (IFNs). IFNs are naturally occurring cellular cytokines
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with important physiological functions in antiviral and
antitumour defence (Jonasch and Haluska 2001; Antoniou
et al. 2003). IFNs bind to cell surface receptors which, after
oligomerisation, initiate a cascade of phosphorylation reac-
tions in Janus kinases-signal transducers and activators of
transcription (JAK-STAT) signalling intermediates, ulti-
mately activating transcription of IFN-stimulated genes and
corresponding cellular response (Caraglia et al. 2005). In the
case of IFN-q, antitumour effects include direct cytotoxic
and cytostatic effects on tumour cells, antiangiogenic effects,
an increase in phagocytic activity of macrophages, and aug-
mentation of the cytotoxicity of lymphocytes for target cells
(Jonasch and Haluska 2001; Antoniou et al. 2003; Caraglia et
al. 2005). Recently, the major oncologic indications for IFNs
have included melanoma, renal cell carcinoma, AIDS-related
Kaposi’s sarcoma, follicular lymphoma, hairy cell leukaemia,
and chronic myelogenous leukaemia (Jonasch and Haluska
2001). IFN-a has also been tested in therapy of lung cancer,
particularly in combination with other treatments of small
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cell lung cancer (Zarogoulidis et al. 1996; Ruotsalainen and
Mattson 2002). However, the trials were heterogeneous and
overall conclusions from obtained data were inconsistent.
To explain the discrepancies among inconsistent effects of
IFN-a on lung cancer, it is essential to apprehend a direct
modulation of cancer cell phenotype by IFN-a. A better
understanding of IFNs biology and interactions can improve
application of these agents in the management of patients
with cancer.

Herein, the human lung carcinoma cell line A549, a model
of NSCLC in vitro (McCormick et al. 1995; Dohadwala et
al. 2001; Lee et al. 2006), was used to pursue the effect of
IFN-a on A549 cell proliferation and differentiation. Further,
a protein expression and activity of three ATP-binding cas-
sette (ABC) transporters mediating multi-drug resistance
(MDR) (Kvackajova-Kisucka et a. 2001; Glavinas et al.
2004; Ozben 2006; Sarkadi et al. 2006) were also analysed.
The results revealed a potential of IFN-a to decrease prolif-
eration and induced differentiation of A549 cells. However,
unpredictably, IFN-a increased protein expression of ABC
transporters.

Materials and Methods

Materials

The human lung carcinoma cell line A549 was obtained from
ATCC (American type culture collection; Manassas, VA, USA).
The cells were maintained in a DMEM (Dulbecos modified
Eagle’s medium; PAN-Biotech GmBH, Aidenbach, Germany)
supplemented with a 10% fetal bovine serum (PAN-Biotech
GmBH) and gentamycin (0.045mg/l; Sigma-Aldrich, St. Louis,
MO, USA).IEN-a isolated from human leukocytes (Alfaferone)
was obtained from Alfa Wassermann S.PA. (Pomezia, Italy).

Cell viability

The viability of cells was tested using the 2,3-bis(2-meth-
oxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carbox-
anilide inner salt (XTT sodium salt) (Sigma-Aldrich),
the determination of total whole cell lysate protein con-
centration using BCA (bicinchoninic acid) protein assay
(Pierce, Rockford, IL, USA), direct counting of floating
dead cells in media and staining of adherent A549 cell
layer by trypan blue (Sigma-Aldrich) and positive cells
as described previously (Frankova et al. 2006). The cells
were seeded in 96-well plates for 4 h and consequently
treated with IFN-a for 24, 48 and 72 h. The principle of the
XTT colorimetric test is based on mitochondrial cleavage
of the tetrazolium salt XTT to form a formazan soluble in
aqueous solutions. This conversion occurs only in meta-
bolic active cells. The absorbance was measured after 4 h

at 450 nm against a reference wavelength 620 nm, using
a microtiter plate reader SLT Rainbow spectrophotometer
(Tecan, Crailsheim, Germany).

Determination of alkaline phosphatase (ALP) activity

The activity of ALP, a marker of cell differentiation, was de-
termined as described previously (Kovarikova et al. 2000).
Briefly, the cells were seeded on 6-well plates in a density of
10 x 10%/cm? for 4 h and consequently treated with IFN-a
for 24 or 48 h. The cells were washed with Hank’s buffered
salt solution (HBSS) and frozen at —80°C. Then, 100 pl
of substrate buffer was added and the cells were scraped,
lysed by sonication. The cell lysates were centrifuged for 15
min (3000 rpm, 4°C) and 50 pl of ALP (4-p-nitrophenyl-
phosphate) substrate was added to 50 ul supernatant and
incubated in 96-well plate for 30 min at 37°C. The reaction
was stopped by adding 3 mol/l NaOH (50 pl/well) and the
optical densities were measured at 405 nm against a reference
wavelength of 620 nm.

Flow-cytometric analyses of the cell cycle

The determination was performed as described previ-
ously with modifications (Bryja et al. 2004). A549 cells were
trypsinised, washed twice in phosphate buffered saline (PBS)
and fixed in 70% ethanol at -20°C. After repeated washingin
PBS, the cells were stained with propidium iodide diluted to
10 pg/ml in Vindelov’s solution (1 mmol/l Tris-HC, 1 mmol/
1 NaCl, 0.1% Triton X-100, 10 pg/ml RNase A, pH 8.0) for
30 min at 37°C. The cell-cycle profile was determined with
a FACSCalibur flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA) equipped with an argon-ion laser. CellQuest
software running on an Apple Macintosh computer connect-
ed to the flow cytometer was used for the data acquisition.
The cell-cycle phases were analysed with the aid of ModFit
software (Verity Software House, Topsham, ME, USA).

CD44 expression flow cytometric analysis

The determination was performed as described previ-
ously with modifications (Bryja et al. 2004; Frankova et al.
2006). Briefly, the cells were seeded on 60 cm? dishes in
a concentration of 320 x 10> cells per well for 4 h. IFN-a was
added to the adhered cells in concentrations of 500, 1500
and 3000 U/ml. After 48 h incubation the cells were washed
and released from the surface with PBS+EDTA and washed
with PBS+0.1% bovine serum albumin (BSA), centrifuged
at 250 x g for 10 min and diluted in PBS+0.1% BSA to the
concentration of 1 x 10° cells/ml. The cells were incubated
with phycoerythrin (PE)-conjugated anti-CD44 monoclonal
antibody or PE-conjugated IgG1 as isotype control (10 pl per
vial with 200 pl) for 30 min (4°C) in dark, washed with PBS
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and cell surface expression of CD44 was determined with
a FACSCalibur flow cytometer (Becton Dickinson). The geo-
metric mean of the relative fluorescence unit of at least ten
thousand cells was quantified using CellQuest software.

Flow cytometric detection of ABC transporter activity

ABC transporter protein activities were determined using
fluorescent probes which are pumped out of the cell specifi-
cally by the given transporter protein (Orlicky et al. 2004;
Ozben 2006). Calcein-AM (calcein acetoxymethyl ester;
Invitrogen, Carlsbad, USA), a substrate of both transport-
ers ABCC1/multi-drug resistance protein-1 (MRP1) and
ABCB1/MDR/P-glycoprotein (Pgp) was used. In live cells
the nonfluorescent calcein-AM is converted to green-
fluorescent calcein, after acetoxymethyl ester hydrolysis
by intracellular esterases. Staining with calcein-AM (0.2
umol/1) was performed in HBSS at 37°C for 30 min and the
green fluorescence was detected by FACSCalibur (Becton
Dickinson). Hoechst 33342 (Invitrogen) is a substrate of
ABCG2/breast cancer resistant protein (BCRP). Staining
with Hoechst (5 pg/ml) was performed in HBSS at 37°C
for 90 min and the emitted fluorescence was detected by
FACSVantage (Becton Dickinson). For the evaluation were
used at least ten thousand morphologically normal cells
characterised based on forward scattered light vs. side
scattered light properties. Inhibitors Sulindac (20 pmol/l;
Sigma-Aldrich) and Fumitremorgin C (10 umol/l; Sigma-
Aldrich) were used to test the specificity of particular fluo-
rescent dye for particular transporters (Rius et al. 2008).

Western blotting analysis

A549 cells were lysed in sodium dodecyl sulfate (SDS) lysis
buffer consisting 1% SDS, 50 mmol/l Tris-HCI, pH 7.5, 20%
glycerol, protease inhibitors cocktail (Sigma-Aldrich) and
phosphatase inhibitor cocktail (PhosSTOP; Roche). The
samples were boiled for 10 min and sonicated (5 s, Sonifier
B-12; Branson Ultrasonics Corp., Danbury, CT, USA). Protein
concentration was determined using the DC protein assay
kit (Bio-Rad Laboratories, Hercules, CA, USA). Lysates were
supplemented with bromophenol blue (0.01%) and 1% -mer-
captoethanol and boiled for 5 min. Equal amount of proteins
(50 pg for determination of ABC transporters and 20 ug for
determination of phosphorylated and total levels of STAT-1,
p38, B-tubulin and a-actin) per sample were separated by SDS-
PAGE on 10% polyacrylamide gel and transferred to PVDF
membranes (Immobilon Millipore, Bedford, MA, USA).
Western blotting was performed with the following
primary antibodies: anti-phospho-p38 MAPK (Thr180/
Tyr182) (1 : 3000, 9215; Cell Signaling Technology, Dan-
ver, MA, USA), anti-phospho-STAT-1 (Tyr701) (1 : 5000,
9167; Cell Signaling Technology), anti-STAT-1 (1 : 3000,

9172; Cell Signaling Technology), anti-p38 (1 : 1000, sc-
7972; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-ABCC1/MRP1 (1 : 500, ALX-801-012; Alexis Corp.,
Lausen, Switzerland), anti-ABCB1/Pgp (1 : 100, 801-
004-C125; Alexis Corp.), anti-ABCG2/BCRP (1 : 500,
sc-25822; Santa Cruz Biotechnology). The expression of
a-tubulin (anti-a-tubulin, 1 : 2000, sc-69969; Santa Cruz
Biotechnology) or B-actin (anti-B-actin, 1: 5000, A5441;
Sigma-Aldrich) served as a control of equal loading of
proteins. Horseradish peroxidase-conjugated anti-mouse-
IgG (NA931) and anti-rabbit-IgG (NA934) (Amersham
Biosciences, Bucks, UK) were used as secondary antibodies.
Detection was performed by ECL Plus Western blotting de-
tection system (Amersham Biosciences) and radiographic
films according to the manufacturer’s instructions.

Statistical analysis

All values were reported as the means of four different experi-
ments + SEM (standard error of the mean). The data were
analysed using the Student’s t-test for dependent samples
using Statistica for Windows 8.0 (StatSoft, Inc., USA). p <
0.05 was considered significant.

Results

Activation of intracellular signalling pathways STAT-1 and
p38in A549 cells by IFN-a

The capacity of A549 cells to respond to IFN-a was tested
by determination of specific signalling pathways activation.
Phosphorylation of STAT-1 and p38 mitogen activated kinase
in A549 cells in response to IFN-a (range of concentrations
from 500 to 3000 U/ml) was analysed 15 and 30 min after the
treatment. IFN-a induced concentration-dependent phos-
phorylation of both STAT-1 and p38 kinase (Fig. 1). Further,
long-term effects of IFN-a (3000 U/ml) on phosphorylation
and total protein levels of STAT-1 and p38 kinase were evalu-
ated. Interestingly, IFN-a induced phosphorylation of both
STAT-1 and p38 kinase at all evaluated time intervals up to
72 h. This effect was accompanied by increases in STAT-1
total protein levels in the IFN-a treated cells and by increases
in p38 kinase total protein levels during the incubation of
cells independently on IFN-a treatment (Fig. 2).

IFN-a significantly reduced proliferation of A549 cells

The effect of IFN-a on A549 cell proliferation was tested by
various methods. The evaluation of A549 proliferation based
on determination of metabolic activity (Fig. 3A) and based
on determination of total cellular protein mass (Fig. 3B)
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Figure 1. Dose-dependent phosphorylation of STAT-1 and p38
kinase after incubation of A549 with IFN-a. A549 cells were seeded
4 h before IFN-a treatment and were treated with 500, 1500, and
3000 U/ml IFN-a for 15 and 30 min. Both phosphorylated (p-STAT-
1 and p-p38) and total (STAT-1 and p38) levels of STAT-1 and p38
kinase together with levels of a-tubulin were determined. Rep-
resentative results from two independent experiments are shown.

showed significant reduction of proliferation after 24, 48 and
72 h of incubation. All tested concentrations of IFN-a (500 to
6000 U/ml) revealed similar inhibitory effects up to incuba-
tion for 72 h. Examination of cell morphology did not reveal
any changes specific for apoptotic or necrotic cell death.
Further, any induction of cell death by IFN-a treatment
was not observed either by a counting of absolute numbers
of floating dead cells or by a staining of adherent cells by
trypan blue (data not shown). To further evaluate effects of
IFN-a on A549 proliferation characteristics the analysis of
cell distribution in different cell cycle phases was performed.
Interestingly, no differences in cell distribution in G1, S and
G2/M phases were observed among control cells and cells
treated with different concentrations of IFN-a (3000, 6000
U/ml) for 24, 48 and 72 h (data not shown).

Modulation of A549 cell phenotype by IFN-«

Further, we questioned the modulation of different aspects of
A549 cell phenotype with IFN-a which would characterise
the A549 differentiation status. Treatment of A549 cells with
IFN-a increased ALP activity (Fig. 4). In contrast, surface

Figure 2. Phosphorylation of STAT-1 and p38 kinase after incuba-
tion of A549 with IFN-a for various time intervals. A549 cells were
seeded 4 h before IFN-a treatment and were treated with IFN-a
(3000 U/ml) for 0.5, 1, 24, 48 and 72 h. Both phosphorylated (p-
STAT-1 and p-p38) and total (STAT-1 and p38) levels of STAT-1 and
p38 kinase together with levels of a-tubulin were determined. Rep-
resentative results from two independent experiments are shown.

expression of CD44 was not modulated by incubation of A549
cells with any of the tested IFN-a concentrations (500 to 6000
U/ml) for either 24 or 48 h (data not shown). Additionally, the
expression and functional activity of MDR ABC transporter
proteins were characterized. Unpredictably, the expression of
all three evaluated proteins, i.e. ABCC1/MRP1, ABCB1/Pgp
and ABCG2/BCRP, increased by incubation of A549 cells with
IFN-a for 72 h (Fig. 5A). This increase in protein expression
was accompanied by an increased activity of these transporter
proteins measured by the ability of IFN-a-treated cells to ex-
clude different fluorescent probes specific for ABCC1/MRP1
and ABCBI1/Pgp transporters (calcein-AM), and ABCG2/
BCRP transporter (Hoechst 33342) (Fig. 5B). The specifity of
particular fluorescent dye was tested by inhibitors of fluorescent
dye exclusion. Calcein accumulation was inhibited by Sulindac
and Hoechst 33342 by Fumitremorgin C (Fig. 5C).

Discussion

IFN-a is applied as a supportive drug in treatments of ma-
lignant diseases including lymphomas and leukemia or solid
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Figure 3. IFN-a significantly reduced proliferation of A549 cells. A549 cells were seeded 4 h before IFN-a treatment. Viability by the
XTT test (A) and by determination of total protein concentration in whole cell lysates (B) was evaluated in A549 cells treated with IFN-a
(500, 1500, 3000, and 6000 U/ml) for 24, 48, and 72 h. Data present the average + SEM (n = 3 or 4). Statistical differences between groups
were calculated by Student s ¢-test. * p < 0.05 compared with non-treated cells was considered significant.
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Figure 4. IFN-a increased alkaline phosphatase (ALP) activity in A549 cells. A549 cells were seeded 4 h before IFN-a treatment. ALP
activity was measured in media after 24 h (A) and 48 h (B) incubation with IFN-a. Statistical differences between the groups were cal-
culated by Student s t-test. * p < 0.05 compared with non treated cells was considered significant.

tumours such as melanoma and renal cancers (Jonasch and  or partially resistant. In many cases, alternations of JAK-
Haluska 2001). The benefit of IFN-a treatment is mostly ~ STAT components of the IFN-a-induced signalling pathways
limited to some neoplasms while other types are completely ~ could probably be proposed as mechanisms of resistance to
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Figure 5. IFN-a increased expression of ABC transporter in A549 cells. A549 cells were seeded for 4 h and consequently treated with
IFN-a (1500 U/ml) for 72 h. A. Protein expressions of ABCC1/MRP1, ABCB1/Pgp and ABCG2/BCRP were determined by Western
blot analysis together with expression of -actin. Representative results from two independent experiments are shown. B. The activity
of a particular ABC transporter was determined with fluorescent probe characteristic for each transporter protein dependent efflux: cal-
cein-AM (a substrate of ABCC1/MRP1 and ABCB1/Pgp), and Hoechst 33342 (a substrate of ABCG2/BCRP). The median fluorescence
intensity (MFI) is shown for each population. C. The specifity of particular fluorescent dye was tested by inhibitors of fluorescent dye
exclusion. Calcein-AM accumulation was inhibited by Sulindac and Hoechst 33342 by Fumitremorgin C. Representative results from at

least two independent experiments are shown.

IFNs (Caraglia et al. 2005). A potential of IFN-a to be used
as a combinational and supportive therapy for lung cancer
disease was suggested in previous studies. A decrease in lung
carcinoma cell proliferation with IFN-a was significantly
elevated by other drugs such as cotylenin A, celecoxib or
curcumin (Honma et al. 2003; Lee et al. 2006). However,
the mechanism of the IFN-a effect as a single agent on lung
carcinoma cells is not well understood and IFN-a is not
generally used as a therapy for patients with lung cancer.
Thus, further studies and a better evaluation of the sensitiv-
ity of different cancer cell lines and their potential to resist
IFN-a effect are needed to clarify the frequently occurring
phenomenon of neoplasm resistance to IFN-a.

Herein, the ability of A549 cell response to IFN-a was
clearly demonstrated by significant IFN-a-mediated phos-
phorylation of STAT-1 and mitogen-activated protein kinase
p38 (Fig. 1 and 2), typical transduction messengers of IFN-a
signalling pathway (Caraglia et al. 2005; Lee et al. 2006).
Further, IFN-a significantly inhibited A549 cell prolifera-
tion (Fig. 3). The IFN-a-mediated inhibition of A549 cell
proliferation was not accompanied either by a cell death

or a cell cycle arrest in any particular cell cycle phase. This
may be a result of the overall impact of IFN on cellular me-
tabolism and differentiation, which we suggest as potential
mechanisms responsible for non-cell cycle phase specific
slowing cell cycle progression observed here (Jonasch and
Haluska 2001).

Lee et al. (2006) observed a significant inhibitory effect
of IFN-a on A549 proliferation only in combined treatment
with celecoxib or curcumin. Further, an IFN-a-induced
change in cell phenotype was characterised. The decrease
in A549 proliferation was connected with the increase in
intracellular ALP activity (Fig. 3) which is suggested as
a differentiation marker in various types of carcinoma cells
(McCormick et al. 1995; Kovarikova et al. 2000). In con-
trast, IFN-a did not modulate surface expression of CD44,
a receptor for hyaluronic acid playing an important role in
tumour invasion and metastasis. Increased CD44 expression
is suggested to be attached with the tumour cell phenotype
(Dohadwala et al. 2001). Thus, it could be suggested that the
IFN-a-mediated inhibition of NSCLC cell proliferation was
connected with partial A549 cell differentiation.
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Further, one of the most significant findings of this
manuscript is the elevation of the protein level of selected
ABC transporter proteins. ABC transporters are a family of
transporter proteins that contribute to drug resistance via
ATP-dependent drug efflux pumps. In humans, 48 ABC
genes have been identified to share sequence and structural
homology, but only less than 10 of them are reported to
confer the drug-resistant phenotype (Glavinas et al. 2004;
Ozben 2006; Sarkadi et al. 2006). High levels and activity
of these transporters have been observed frequently in dif-
ferent types of human malignancies and correlated with
poor response to chemotherapeutic agents (Baranc¢ik et al.
1999; Glavinas et al. 2004; Ozben 2006). Interestingly, we
observed increased protein levels of all three major ABC
transporters Pgp, MRP1, and BCRP associated with MDR
in A549 cells after IFN-a treatment. Simultaneously with
protein levels, the IFN-a-treated cells also increased the
ability of the drug-specific ABC transporter-dependent ef-
flux due to increased activity of these transporters (Fig. 4).
This observation was supported by data of Mickley and
colleagues, who detected increased expression of MDR-1
in differentiated cells of colon cancer, suggesting that the
increase in ABC transporter expression and activity could be
a phenomenon connected with differentiation of particular
lung and colon cancer cells (Mickley et al. 1989). This is in
contrast to studies suggesting an IFN-a-mediated increase
in cancer cell sensitivity to chemotherapy through down-
regulation of ABC transporter proteins (Antoniou et al.
2003; Honma et al. 2003). Currently, detailed study of this
phenomena and their overall effect on drug resistance in
A549 cells is in progress.

In conclusion, we documented for the first time that IFN-
a-induced decrease in NSCLC proliferation was connected
with modification of the NSCLC phenotype, particularly,
increase in ALP activity and levels together with activities of
ABC transporter responsible for MDR. Findings presented
herein have two major significant implications. Firstly, we
showed a significant modulation of A549 cell phenotype
with IFN-a which is used in anti-tumour therapy of solid
tumours alone or in combination with other drugs as dis-
cussed above. Secondly, for the first time we described
a cellular in vitro experimental system in which it is possible
to modify levels of selected ABC transporters (such as Pgp,
MRP1 and BCRP) in lung carcinoma cell line A549 using
IFN-a, an organism-innate agent. These data contribute to
our understanding of the IFN-a effect on carcinoma cells
and potential use of IFN-a as a supportive therapy in the
treatment of lung cancer.
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