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Summary The nonsteroidal anti-inflammatory drug
(NSAID), tolfenamic acid (TA) is emerging as a new anti-
cancer agent. TA induces the degradation of specific Specific-
ity protein (Sp) transcription factors, Sp1, Sp3 and Sp4 which
are associated with tumor growth and metastasis. In this study
we have evaluated the effect of TA on lung cancer using both
in vitro and in vivo models. TA in a dose dependent manner
inhibited proliferation and cell viability of two different lung
cancer cells, A549 and CRL5803. TA treatment for 48 h
significantly decreased the expression of Sp1, Sp3 and Sp4.
The hepatocyte growth factor receptor, c-Met is overexpressed

in a variety of cancers including lung cancer and Sp proteins
mediate the regulation of c-Met. TA diminished the expression
of c-Met protein and modulates its downstream signaling
pathway. Furthermore, TA treatment significantly increased
the number of apoptotic cells and pro-apoptotic markers c-
PARP and Bax confirming the activation of apoptotic path-
ways. In vivo studies using the orthotopic mice model for lung
cancer showed that TA (25 mg/kg/2 days and 50 mg/kg/
2 days) resulted in a dose dependent decrease in tumor
formation. The immunohistochemical staining of lung tissue
showed high expression of Sp1, Sp3, Sp4, c-Met and phospho
Met in control group and a dose dependent decrease in TA
treated groups. The crucial findings of this study support that
targeting c-Met with a potent inhibitor of Sp proteins is a
robust strategy for the implications in lung cancer treatment
and TA can serve as a therapeutic agent for this devastating
disease.
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Introduction

Lung cancer is the leading cause of cancer related deaths
among men and women in the world. It is responsible for
one third of deaths among cancer patients in the United
States [1, 2] and National Institutes of Cancer (NCI)
estimates that 219,440 new cases and 159,390 deaths will
occur in 2009 in the United States alone. Lung cancer has a
dismal prognosis with 5-year relative survival rates of only
13.6% for men and 17.5% for women which warrants for
the development of improved therapies for the treatment of
this disease [3].
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The main types of lung cancer are small cell lung
carcinoma (SCLC) and non-small cell lung carcinoma
(NSLC) and majority (75–85%) of lung cancer cases are
NSCLC. Scientists and clinicians are continuously investi-
gating for the inactivated tumor suppressor genes and over-
expressed growth promoting oncogenes to identify the
hallmarks of lung cancer and such hallmarks are essential
for the implications in early detection, prevention, and
treatment of the disease [4]. It is well documented that
several genes including K-ras, p53 and EGFR are associ-
ated with the pathogenesis of lung cancer [5–7]. Due to the
potential role of EGFR pathway in the pathogenesis of
NSCLC, small molecule inhibitors, gefitinib, erlotinib, and
cetuximab have been tested and the results showed a
limited response rate [8–10]. Now the focus has been
shifted to investigate other receptors in tyrosine kinase
family with potential role in the pathogenesis of lung cancer
[10, 11]. Hepatocyte growth factor (HGF) receptor c-Met, a
member of tyrosine kinase receptor family is normally
expressed by epithelial cells and has been found to be
overexpressed and amplified in a variety of human tumor
tissues including lung cancer [12–16]. c-Met/HGF signal-
ing plays key role in growth, motility, invasion, metastasis,
angiogenesis, wound healing, and tissue regeneration [10,
17] and its aberrant expression is associated with various
cancers. c-Met is functionally expressed in NSCLC [10]
and higher levels of HGF is reported in aggressive disease
and poor prognosis in lung cancer [18, 19]. It is well
established that specificity protein (Sp) family of transcrip-
tion factors mediate the constitutive expression of c-Met
gene since Sp1 and Sp3 bind to the promoter region of
c-Met and functionally activate its transcription [20–22].

Sp1, a member of Sp protein family is overexpressed in a
variety of cancers including gastric, colorectal, pancreatic,
epidermal, thyroid, breast and lung cancers. Previous studies
from our laboratory showed that Sp proteins mediate a
number of genes involved in cell proliferation, survival and
angiogenesis and suggested that targeting Sp protein tran-
scription factors can serve as a powerful strategy for the
development of anti-cancer agents [23–27]. Our studies on
pancreatic cancer and esophageal cancer models have
identified a nonsteroidal anti-inflammatory drug (NSAID),
tolfenamic acid (TA) with such property to repress specific
Sp proteins [22–24, 28–31]. Studies with TA and other
structurally related analogs showed that TA is the most
potent inhibitor of specific Sp proteins (Sp1, Sp3 and Sp4)
expression [28]. TA is currently in Phase I clinical Trial at
M. D. Anderson Cancer Center Orlando to test on upper
gastrointestinal cancer patients.

In this study, we show that Sp proteins and c-Met are
overexpressed in lung cancer cells and tumors in nudemice and
TA decreases the lung cancer cell survival, represses Sp
proteins, c-Met and key candidates in its downstream signaling.

The current pre-clinical data suggest that TA can serve as a
potential therapeutic agent for the treatment of lung cancer.

Materials and methods

Cell lines and chemicals

A549 and CRL5803 cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA). F12K with
phenol red, 100X antibiotic/antimycotic solution and tolfe-
namic acid were purchased from Sigma Chemical Co. (St.
Louis, MO). Rabbit IgG, antibodies for Sp1, Sp3, Sp4, β-
actin and c-Met proteins were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA), p-Akt, Akt, Bax, p-ERK1/
2, ERK1/2, and c-PARP were obtained from Cell Signaling
Technology Inc., (Danvers, MA), and p-Met was purchased
from BioSource International Inc., (Camarillo, CA). Colori-
metric TUNEL staining kits were purchased from Promega
(Madison, WI).

Orthotopic implantation of tumor cells

Male athymic nude mice (NCI-nu) were purchased from the
Animal Production Area of the National Cancer Institute
Frederick Cancer Research and Development Center
(Frederick, MD). Mice were housed and maintained under
specific pathogen-free conditions in facilities approved by
the American Association for Accreditation of Laboratory
Animal Care and in accordance with current regulations and
standards of the United States Department of Agriculture,
United States Department of Health and Human Services,
and National Institutes of Health. Mice were used in
accordance with institutional guidelines when they were 8–
12 weeks of age. To produce tumors, A549 cells were
harvested from subconfluent cultures by a brief exposure to
0.25% trypsin and 0.02% EDTA. Trypsinization was stopped
with medium containing 10% fetal bovine serum, and the
cells were washed once in serum-free medium and resus-
pended in HBSS. Only suspensions consisting of single cells
with >90% viability were used for the injections. Injection of
cells into the right lung was performed as described
previously [29]. Mice were killed when moribund (4–
5 weeks after injection). The size and weight of the primary
lung tumors were recorded. Histopathologic studies con-
firmed the nature of the disease. For immunohistochemistry
(IHC) and histological staining procedures, tumor tissue
were fixed in formalin and embedded in paraffin.

Treatment of lung tumors growing in the nude mice

Fourteen days after implantation of tumor cells into the
lung of each mouse, 5 mice were killed to confirm the
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presence of tumor lesions. Tumor-bearing mice were
randomized and divided into 3 groups (10 per group). First
group (control) was treated with vehicle group-2 and group-
3 were treated with 25 mg/kg TA and 50 mg/kg TA on
every other day respectively. We have also maintained an
additional group (normal) which is injected with saline in
lungs to compare the changes in lung weight due to tumor
formation. Treatments were continued for 4 weeks and the
mice were sacrificed on day 35 and subjected to necropsy.

Histological studies

Mice were sacrificed and body weights were recorded.
Lungs were excised, measured, and weighed. For IHC and
H&E staining procedures, lung tissues were fixed in
formalin and embedded in paraffin. For immunohistochem-
istry and histologic staining, paraffin embedded tissues
were used for identification of c-Met, p-Met, Sp1, Sp3, Sp4
and H&E. Sections (4–6 μm thick) were mounted on
positively charged Superfrost slides (Fischer Scientific, Co.,
Houston, TX) and dried overnight. Sections were deparaffi-
nized in xylene, treated with a graded series of alcohol
[100%, 95%, and 80% ethanol (vol/vol) in double distilled
water], and rehydrated in PBS (pH 7.5). Antigen retrieval
occurred by placing slides in 97°C 0.1 M citrate buffer
(pH 6.0) for 20 min. Slides were then washed with PBS that
contained 0.1% Triton X. Endogenous peroxidase was
blocked with 3% hydrogen peroxide in PBS. Nonspecific
binding was blocked with 5% normal horse serum, 1%
normal goat serum, and 0.1% Triton X. The slides were
incubated at 4°C overnight in a moist chamber with a
polyclonal antibody (Santa Cruz Biotechnology, CA, 1:25
dilution). After incubation for 1 h at room temperature with
a peroxidase-conjugated rabbit IgG secondary (Santa Cruz
Biotechnology, CA, 1:250 dilution), a positive reaction was
visualized by incubating the slides with stable 3,3′-
diaminobenzidine (Invitrogen Corp, Carlsbad, CA) for 8–
10 min. The sections were rinsed with distilled water,
counter-stained with Gill’s hematoxylin (Sigma) for 1 min,
and mounted with Crystal Mount (Fischer Scientific, Co.,
Houston, TX). Control samples exposed to secondary
antibody alone showed no specific staining.

TUNEL assay

Sections from paraffin-embedded tumor tissues were used for
TUNEL staining which was carried out using DeadEnd
Colorimetric TUNEL System (Promega, Madison, WI).
Paraffin-embedded sections (4–6 μM thick) were processed
per manufacture protocol as decribed in our previous publica-
tions [28, 29, 31]. Briefly, sections were deparaffinized in
xylene and then treated with a graded series of alcohol [100,
95, 85, 70 and 50% ethanol (v/v) in double distilled H20] and

rehydrated in PBS (pH 7.5). Tissues were then treated with
Proteinase K solution for permeabilization and then refixed
with 4% paraformaldehyde solution. Slides were treated with
rTdT reaction mix, incubated at 37°C for 1 h., and reactions
were terminated by immersing the slides in 2 X SSC solutions
for 15 min at room temperature. After blocking endogenous
peroxidases activity (by 0.3% hydrogen peroxide) slides were
washed with PBS and then incubated with Streptavidin HRP
solution for 30 min at room temperature. After washing, slides
were incubated with DAB (substrate) solution until a light
brown background appears (10 min) and then rinsed several
times in deionized water. After mounting, slides were
observed using light microscope.

Morphometric analysis

Lung specimens collected at the time of harvesting were stored
in formalin, embedded in paraffin and sections were prepared.
These sections were subjected to Hematoxillin and eosin
staining and processed for histopathological analysis. Morpho-
metric analysis was performed using Nikon Eclipse E400
microscope, under a Nikon plan Fluor 10X/0.30 DIC L (∞/0.17
WD16.0) objective. Images were captured with Leica DFC 300
FX camera attached to the microscope. LEICA Application
Suite Version 2.8.1 software was used for the morphometric
measurements. The morphometric analysis of tumor area was
performed according to the procedure described previously
[32]. Length and width of normal and malignant tissue were
measured for each field (Supplementary data-Figure-I) and the
data were analyzed using Graph Pad prism V5.0 statistical
software and Excel office professional.

Immunoblotting

Protein expression was evaluated by Western blot analysis
as described in our previous published work [28, 29, 31].
Cell lysates were prepared using lysis buffer [20 mmol/L
Tris-HCl (pH 7.4), 150 mmol/L Sodium Chloride, 1 mmol/L
EDTA, 1% Triton X-100, 0.1% SDS, 1 mmol/L sodium
orthovanadate, 1 mmol/L phenylmethylsulfonyl fluoride,
1μmol/L leupeptin, and 1μg/mL aprotinin]. After centrifuga-
tion of the lysate at 15,000× g for 20 min, the supernatants
were recovered, and protein was quantified by the
Bradford protein assay using a reagent kit from Bio-
Rad Laboratories. Protein samples (20–60 μg) were size-
separated by electrophoresis on SDS-polyacrylamide gels
under nonreducing conditions. Separated proteins were
electroblotted onto nitrocellulose membranes. The blot
was blocked by incubating in blocking buffer [5% skim
milk, 10 mmol/L Tris (pH 7.5), 10 mmol/L sodium
chloride, and 0.1% Tween 20] for 1 h at 20°C and then
incubated with the primary antibody overnight at 4°C.
Incubation with a horseradish peroxidase-conjugated anti-
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mouse or rabbit secondary antibody was then carried out at
20°C for 4 h. Antibody-bound proteins were detected by the
Enhanced Chemiluminescence Western blotting analysis
system (Perkin-Elmer Life and Analytical Sciences).

Reporter assays

For reporter assays, A549 and CRL 5803 cells (5×104) were
seeded in 12-well plate in 1 ml DMEM supplemented with
5% fetal bovine serum. After 24 h, cells were transfected
with variable lengths (0.9 kb-full length; 0.7 kb; 0.2 kb and
0.1 kb) of c- Met luc constructs (500 ng) and 5–6 h post-
transfection cells were treated with DMSO or TA (50 µM).
24 h later (post treatment), cells were harvested and lysed
and luciferase activity (relative to β-galactosidase activity)
was measured by dual luciferase reporter assay system
following manufacturer’s protocol (Promega Corporation,
WI). Cells transfection was carried out using Lipofectamine
2000 (Invitrogen, CA) following the manufacturer’s protocol.

Statistical analysis

Statistical significance was determined by analysis of variance
and Scheffe’s test, and the levels of probability are noted. The
results of cell culture studies are expressed as mean ± SD.

Results

TA inhibits proliferation, cell viability and induces
apoptosis in A549 and CRL5803 cells

The effect of TA (25, 36, 50 µM) on cell proliferation (Fig. 1a
& b) and cell viability (Fig. 1c & d) was tested on A549 and
CRL5803 human lung cancer cells. TA decreased both cell
proliferation and viability in a dose dependant manner. The
IC50 values for cell proliferation and cell viability were
53.41 µM/77.5 µM and 50.42 µM/53.36 µM at 2 days and
36.5 µM/48.07 µM and 38.52 µM/44.42 µM at 6 days
respectively for A549 and CRL5803. Since TA inhibited the
cell survival in a dose dependent manner, we have also
evaluated the effect of TA on inducing programmed cell
death-apoptosis. TA significantly increased the number of
apoptotic cells both in A549 and CRL5803 cells following
the treatment for 48 h and this increase was also dose
dependent (Fig. 2a & b). The apoptosis-inducing effect of
TA was further confirmed by examining the expression of
selected pro-apoptotic markers, c-PARP and Bax. The results
showed that TA (50 µM; 48 h) significantly increased the
expression of both c-PARP and Bax in A549 and CRL5803
cells. Upregulation of Bax and PARP, the major executioners
of mitochondrial apoptotic pathway suggested the TA
induced intrinsic apoptotic pathways.

TA represses Sp1, Sp3 and Sp4 transcription factors in lung
cancer cells

Sp1, Sp3 and Sp4 are the sequence specific transcription
factors that recognize and bind to GC rich sequences [33].
Since large number of genes including the associated with
tumor growth and metastasis contain GC-box in promoter
region, Sp proteins play critical role in the transcriptional
activation of these genes [34, 35]. TA is a known potent
inhibitor of Sp proteins as evinced by the studies on
pancreatic cancer and esophageal cancer models and it is
very crucial to test for such response in lung cancer model.
We examined the concentration and time dependent effects
of TA on the expression of Sp1, Sp3 and Sp4 in lung cancer
cells, A549 and CRL5803. As shown in Fig. 3, TA (50 µM;
48 h) decreased the expression of Sp1, Sp3 and Sp4
proteins in both cell lines and these results are in consistent
with our published the results on pancreatic cancer cells.

TA represses expression of Sp-dependent genes including
c-Met

Compounds such as TA, curcumin and betulinic acid that
decrease Sp proteins also downregulate expression of
several Sp-dependent genes and proteins. The hepatocyte
growth factor receptor c-Met is overexpressed in a variety
of cancers including lung cancer and it is clear that Sp1 and
Sp3 mediate the expression of c-Met. TA (50 µM; 48 h)
decreased the expression of c-Met and its phosphorylated
form (p-Met) in both cell lines studied (Fig. 3; Supplemen-
tary data Figure-II). TA-induced inhibition of c-Met and
p-Met expression suggests that it can produce beneficial
effect on c-Met downstream signaling pathway. We have
screened the expression of a few candidates associated with
the downstream signaling of c-Met and found that TA
(50 µM; 48 h) significantly decreased the phosphorylation
of ERK1/2 and Akt (Fig. 3).

TA decreased transcriptional activity of c-Met in lung
cancer cells

The efficacy of TA on the transcriptional activity of c-Met was
evaluated in lung cancer cells, A549 and CRL5803 using
different c-Met promoter constructs. Full length and shorter
promoter constructs have been used to identify functional Sp1
sites that might be responsible for the inhibitory effects of
tolfenamic acid. Cells (5×104) were seeded into 12 well
plates and transfected with full length (0.9 kb) and three
shorter (0.7 kb, 0.2 kb and 0.1 kb) c-Met luc constructs.
After 5–6 h post transfection, cells were treated with TA
(50 µM) for 24 h and then dual luciferase assays were
performed as per the manufacturer’s instructions. Luciferase
reporter assays showed that tolfenamic acid significantly (p<
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0.05) decreased c-met transcriptional activity in both cell
lines, A549 (Fig. 4a) and CRL5803 (Fig. 4b). These
promoter analysis studies have shown that basal promoter
activity of c-Met decreased in the shorter constructs compare
to the full length promoter and this might be in part to the
loss of the upstream GC rich and other regulatory sites.
However, promoter inhibitory effect of tolfenamic acid in the
full length construct was also maintained in the shorter
constructs which suggest that the effect of tolfenamic acid is
mainly medicated through proximal Sp1 sites.

In vivo carcinogenicity studies and immunohistochemistry
of lung tumors harvested from orthotopic mice

Morphometric analysis Athymic nude mice bearing A549
cells in the lung were treated with vehicle or two doses
(25 mg/kg/2 days or 50 mg/kg/2 days) of TA for 4 weeks
and the tumor tissues were subjected to histopathological

and histochemical analysis. The results showed that TA
significantly diminished the tumor growth as evinced by the
parameters tested (Fig. 5). TA significantly reduced the
increase in lung weight and this response was dose
dependent. The median lung weight of 50 mg/kg/2 days
dose group (mice injected with saline). Morphometric
analysis of tumor area showed a significant/dose dependent
decrease and this decrease was around 80% in the group
received 50 mg/kg/ TA on every other day.

Immuno staining TUNEL staining was performed on
sections prepared from tumors of the control and TA-
treated groups. The results revealed a marked increase
(dose dependent) in apoptosis in TA treated groups
(Fig. 6a) and these results are correlated with down-
regulation of Sp proteins and c-Met in tumors from treated
vs. control animals. These results demonstrate that TA is
highly effective in inhibiting lung tumors growth in nude

Fig. 1 Tolfenamic acid inhibits cell proliferation and cell viability of
lung cancer cells. Lung cancer cells a A549 and b CRL5803 cells
were treated with DMSO or 25, 36, 50 µM TA and cells were counted
at 2, 4 and 6 days after the treatment as described in the materials and
methods section. Cell viability test was also performed on these cells

using CellTiter Glo kit (Promega). Lung cancer cells c A549 and d
CRL5803 were seeded on 96 well plates. After 24 h cells were treated
with DMSO or 25, 36, 50 µM of TA. Cell viability was estimated at 2,
4 and 6 days after the treatment. Data shown is mean ± S.E.M. of at
least three separate determinations for each group
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mice and interestingly, these tumors shows a better
response to TA treatment when compared with our
previously reported results on pancreatic tumors. Tumors
tissue sections were then stained to determine the expres-

sion of Sp1, Sp3, Sp4, c-Met and p-Met. Control group
showed intense staining reflecting high expression of Sp
and c-Met proteins compared to low expression in TA
treated groups (Fig. 6b). These in vivo data further confirm

A549 CRL5803

c-Met

p-Met

ERK1/2

-Actin

p-ERK1/2

Akt

Con TA Con TA

Sp4

Sp1

Sp3

p-Akt

Fig. 3 Tolfenamic acid induces the degradation of Sp proteins and other
key proteins associated with tumor growth: Lung cancer cells A549 and
CRL5803 were treated with DMSO or 50 µm of TA for 48 h. Whole cell
lysates were prepared and the expression of various proteins including
Sp1, Sp3, Sp4, c-Met, ERK1/2, and Akt were evaluated through Western
blot analysis. The data were obtained from at least three different
determinations and representative gels were shown in the figure

Fig. 2 TA induced apoptosis in A549 and CRL5803 cells. The effect of
TA on cell apoptosis was examined in lung cancer cells, A549 and
CRL5803. Cells were treated with DMSO or increasing (25, 36, 50 µM)
doses of TA. 48 h following the treatment the number of apoptotic cells
was counted as described in the methods section. Results showed a
significant increase in the number of apoptotic cells both in a A549 and b
CRL5803 cells following the treatment of TA. Data shown is mean ±
SD (n=4) and asterisks indicate significant difference from
corresponding controls (*: p<0.05; **: p<0.005; ***: p<0.001). c
Lung cancer cells were treated with DMSO or TA (50 µM) for 48 h and
whole cell lystaes were prepared and expression of pro-apoptotic
markers c-PARP and Bax were evaluated through Western blot analysis.
The data were obtained from at least three different determinations and
representative gels were shown in the figure (c)
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the efficacy of TA in decreasing c-Met expression by
targeting selected Sp proteins.

Discussion

The aberrant expression of hepatocyte growth factor
receptor c-Met is associated with several cancers
including lung cancer and the studies from our and
others laboratories showed that targeting critical candi-
dates in the tyrosine kinas receptors family such as
c-Met is a very promising strategy for the implications
in cancer treatment [10–16, 22, 36]. c-Met is functionally
expressed in NSCLC [10] and higher levels of HGF are

reported in aggressive disease and poor prognosis in lung
cancer [18, 19]. It is well established that specificity
protein (Sp) family of transcription factors mediate the
constitutive expression of c-met gene since Sp1 and Sp3
bind to the promoter region of c-met and functionally
activate its transcription [20, 21]. Previous studies from
our laboratory showed that NSAID, TA inhibited the
tumor growth and metastasis of pancreatic cancer and
esophageal cancer [22, 28, 31]. The underlying mecha-
nism of its action is not fully evaluated; however the
anticancer activity of TA is primarily attributed to its
efficacy on the degradation of specific Sp proteins Sp1,
Sp3 and Sp4. In this study we investigated the anti-cancer
activity of TA in lung cancer model, targeting specific Sp
transcription factors and c-Met with the potential implica-
tions for the treatment of this disease.

As shown in Fig. 1, TA significantly decreased the cell
proliferation and viability in A549 and CRL5803 cells. In
consistent with these results the number of apoptotic cells
was also increased with TA dose increase (Fig. 2). These
results showed that TA treatment caused cell growth arrest
and steering cells to undergo apoptosis. To further confirm
the initiation of cell apoptosis and potential underlying
mechanism, we have tested the expression of Bax and
cleaved- poly-ADP-ribose polymerase (PARP) in A549
and CRL5803 cells. The results showed a significant
increase both in Bax and c-PARP expressions following
TA (50 µM) treatment for 48 h. (Fig. 2). The increase in
Bax can decrease the mitochondrial potential [37] which
will make the cells bioenergytically deficient and subse-
quently leading to cell death. In a typical apoptotic
program, the alterations in Bax could result the release of
cytochrome-c from mitochondria and the accumulation of
cytochrome-c in cytosol interacts with Apaf-1 and
procaspase-9 leading to the formation of apoptosome
which could cleaves and induces the inactivation of PARP
[38–42].

It is well established that Sp1, Sp3 and Sp4 are
associated with tumor growth and these Sp proteins are
highly expressed in tumor tissues and TA induced the
degradation of Sp1, Sp3 and Sp4 and inhibit the
expression of several Sp-dependent genes in pancreatic
and esophageal cancer cells [22, 28]. In the current study
we have evaluated the effect of TA on Sp proteins and
other key genes associated with tumor progression in
A549 and CRL5803 cells (Fig. 3) and found that TA
decreased the expression of Sp1, Sp3 and Sp4. TA also
inhibited the expression of c-Met and p-Met both in A549
and CRL5803 cells. We have also evaluated the effect of
TA on the transcriptional activity of c-Met in lung cancer
cells, A549 and CRL5803 using c-Met constructs with
variable lengths (Fig. 4a & b). These results revealed that
TA significantly inhibited the transcriptional activity of

Fig. 4 TA decreased transcriptional activity of c-Met in lung cancer
cells. A549 and CRL5803 cells were transfected with c-Met constructs
with variable lengths (0.9 kb-full length; 0.7 kb, 0.2 kb and 0.1 kb).
Following 24 h treatment with TA (50 µM), cells were harvested and
dual luciferase assays were performed. Data shown were the mean ±
SD of at least three different determinations and the bars maerked with
‘*’ are significantly different from corresponding controls (p<0.05)
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c-Met and this inhibitory effect was seen in full length as
well as in shorter promoter constructs suggesting the
importance of proximal Sp sites in medicating such effect
of tolfenamic acid. Since TA modulated the activity and
expression of c-Met, it is also important to investigate the
response on key candidates in its downstream signaling
pathway so we have studied Akt and ERK1/2 proteins
(both constitutive and phosphorylated forms) in A549 and
CRL5803 cells. TA significantly reduced the phosphory-
lation status of Akt and ERK1/2. These data demonstrate
that TA repressed the expression of Sp proteins and c-Met
and so interfere with c-Met survival signaling pathway.
These in vitro results suggest that targeting Sp proteins for

degradation in lung cancer cells/tumors with TA represent
an alternate approach for inhibiting c-Met protein or
signaling pathway.

The in vivo anticarcinogenic activity of TA was
investigated in orthotopic mice model bearing A549
cells in lung and results showed significant decrease in
tumor size and incidences of tumor formation. TA
treatment (25 mg/kg/2 days and 50 mg/kg/2 days)
decreases (Fig. 5) tumor size and weight (as indicated
from whole lung). In addition, TUNEL staining in tumor
sections from TA treated mice were significantly increased
reflecting the activation of apoptosis compared ot he
control group (Fig. 6a). In consistent with in vitro

Fig. 5 Morphometric analysis to elucidate the effect of Tolfenamic
acid on tumor growth in orthotopic lung cancer mice model. Mice
injected with saline (normal group) or A549 cells (control and TA
treated groups) in lungs as described in the methods section. Animals
were treated with vehicle (normal/control groups) or TA (25 mg/kg/
2 days or 50 mg/kg/2 days) and the lungs were harvested and weights

were recorded (a). The Lung tissues sections were analyzed to
determine the percent of tumor area. The length and width of normal
tissue (N) and tumor tissue (T) were measured (b) and percent tumor
area was calculated (c) as described in the methods section. Data
represents Mean ± SEM and the bars marked with ‘*’ are significantly
different from control group (p: <0.0001)
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findings, in vivo results also confirmed that TA treatment
decreased Sp1, Sp3, Sp4, c-Met and p-Met staining in
tumor sections in a dose dependant manner (Fig. 6b).
These results demonstrate that TA is a new potential
anticancer agent for the treatment of lung cancer and these
findings complements our previous studies on pancreatic
and esophageal cancer models [22, 28, 31]. The mecha-
nism of action of TA as a tumor growth inhibitor is due, in
part, to the repression of Sp transcription factors and Sp-
dependent genes, many of which are overexpressed in
tumors and cancer cell lines [43].

Recent studies have proposed the association of Sp1
transcription factor in lung cancer [35, 44–47]; however, in
this study we show for the first time that targeting selective

Specificity proteins (Sp1, Sp3 and Sp4) by tolfenamic acid
could be a promising approach to inhibit lung cancer cells/
tumor growth using both in vitro and in vivo models.
Furthermore, we report for the first time that tolfenamic
acid decreases c-Met expression through degradation of Sp
proteins in lung cancer cells and tumors in nude mice
bearing A549 cells in lung. This is particularly relevant for
the potential efficacy of TA for treatment of lung cancer
since both c-Met and p-Met are overexpressed in lung
cancer cells and tumors and it could be a potential target for
the treatment of lung cancer and such investigations will be
critical for the development of TA and related compounds
as a novel class of mechanism based drugs for the treatment
of lung cancer.

Fig. 6 Immunohistochemical analysis showing the effect of TA in
lung tissue sections from the orthotopic lung cancer mice. Mice were
injected with A549 cells in lungs, treated with TA (25 mg/kg/2 days or
50 mg/kg/2 days), and lung tissues were harvested. The tissue sections
were prepared and subjected to immunostaining for (A) apoptosis
(TUNEL) and the expression of Sp proteins (Sp1, Sp3, Sp4), c-Met

and p-Met as described in the methods section. TUNEL assay revealed
that TA treatment increased the number of apoptotic cells in a dose
dependent manner (a). IHC studies showed that Sp proteins, c-Met
and its phosphorylated forms were highly expressed in control group
and dose dependently reduced due to TA treatment (b)
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