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a b s t r a c t

There is compelling evidence that peroxisome proliferator-activated receptor-�/� (PPAR�/�) mediates ter-
minal differentiation and is associated with inhibition of cell growth. However, it was recently suggested
that growth of two human lung cancer cell lines is enhanced by PPAR�/�. The goal of the present study
was to provide insight in resolving this controversy. Therefore, the effect of ligand activation of PPAR�/�
in A549 and H1838 human lung cancer cell lines was examined using two high affinity PPAR�/� ligands.
Ligand activation of PPAR�/� caused up-regulation of a known PPAR�/� target gene, angiopoietin-like 4
(Angptl4) but did not influence expression of phosphatase and tensin homolog (PTEN) or phosphoryla-
Peroxisome proliferator-activated receptor
Lung cancer
Nuclear receptor
C
P

tion of protein kinase B (Akt), and did not affect cell growth. Results from this study demonstrate that
two human lung cancer cell lines respond to ligand activation of PPAR�/� by modulation of target gene
expression (Angptl4), but fail to exhibit significant modulation of cell proliferation.
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. Introduction

While there are reports suggesting that peroxisome proliferator-
ctivated receptor-�/� (PPAR�/�) can either potentiate or attenuate
ancer (reviewed in (Burdick et al., 2006; Peters et al., 2008)), there
s a large body of evidence demonstrating that PPAR�/� can mediate
erminal differentiation in many cell types (reviewed in (Burdick et
l., 2006; Peters et al., 2008)). The induction of terminal differenti-
tion is associated with withdrawal from cell cycling, which is also
onsistent with numerous reports showing inhibition of cell pro-
iferation through PPAR�/�-dependent mechanisms in cell types
anging from keratinocytes, colonocytes, vascular smooth muscle

ells, endothelial cells and human cancer cell lines (reviewed in
Burdick et al., 2006; Peters et al., 2008)). For example, inhibition
f cell proliferation was found in a human lung adenocarcinoma
ell line (A549) in response to L165041 (Fukumoto et al., 2005), a
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ynthetic high affinity PPAR�/� ligand. Inhibition of A549 cell pro-
iferation was associated with reduced expression of cyclin D and
roliferating cellular nuclear antigen (PCNA), proteins essential for
ell cycle progression (Fukumoto et al., 2005). Given the observed
nhibition of cell proliferation by ligand activation of PPAR�/� in a
uman lung cancer cell line (Fukumoto et al., 2005), it is of inter-
st to note that Raf-dependent lung cancer in a mouse transgenic
odel is also exacerbated in the absence of PPAR�/� expression

Muller-Brusselbach et al., 2007). Similarly, inhibition of lung can-
er is also observed in mice over-expressing prostacyclin synthase
Keith et al., 2002, 2004), which is consistent with the idea that
ctivating PPAR�/� will inhibit tumorigenesis since prostacyclin
ay be an endogenous ligand for PPAR�/� (Gupta et al., 2000). In

ontrast to the above-mentioned findings, two recent publications
uggest that ligand activation of PPAR�/� potentiates cell prolifer-
tion of human lung cancer cell lines (Han et al., 2008; Pedchenko
t al., 2008). In the first report, it was suggested that activation of

PAR�/� causes a decrease in the expression of PTEN leading to
ncreased cell proliferation via an interaction with the p65 sub-
nit of NF-�B in the H1838 human lung cancer cell line (Han et
l., 2008). However, these investigators quantified cell prolifera-
ion at a single timepoint and detection of PTEN expression was

http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:jmp21@psu.edu
dx.doi.org/10.1016/j.tox.2008.09.023


ogy 25

p
t
a
v
(
e
I
P
o
d
k
T
o
2
t
(
a
a
c

2

2

5
w
i
c
m
c
o
m
a
l
c
t
p
G
l
C

2

(
w
d
t

2

b
t
A
b
T
i
w
G
H
s
s
u
P
G

2

q
a
t
C

f
t
m
p
h
G
c
s
c
fi
p
X
i
a
a
T
t
a
fl

3

H
s
e
0
o
i
c
i
w
r
n
l
k
f
P
a
a

P
i
A
a
a
fi
B
i
v
i
G
A
u
p
(
P
l
P
c
t
q
a

P. He et al. / Toxicol

erformed using enhanced chemilluminscence rather than quanti-
ative radioactive detection. The mechanistic basis why H1838 cells
re reported to exhibit enhanced cell proliferation by ligand acti-
ation of PPAR�/� (Han et al., 2008), in contrast to earlier reports
Fukumoto et al., 2005; Keith et al., 2002, 2004; Muller-Brusselbach
t al., 2007), was not thoroughly examined (Han et al., 2008).
n the second report, it was suggested that ligand activation of
PAR�/� in A549 human lung cancer cells causes down-regulation
f PTEN expression, increased expression of 3-phosphoinositide-
ependent kinase-1 (PDPK1), increased phosphorylation of protein
inase B (Akt) and inhibition of apoptosis (Pedchenko et al., 2008).
hese findings are surprising since this is in direct contrast to previ-
us in vitro and in vivo analysis (Fukumoto et al., 2005; Keith et al.,
002, 2004; Muller-Brusselbach et al., 2007). Given these dispari-
ies, the present study used two high affinity ligands for PPAR�/�
GW0742 and GW501516) and highly quantitative approaches to
nalyze expression of cell cycle regulatory proteins (PTEN, PDPK1
nd phosphorylated Akt) and cell proliferation in two human lung
ancer cell lines, H1838 and A549.

. Experimental procedures

.1. Cell culture

The human lung adenocarcinoma cell lines A549 (CCL-185) and H1838 (CRL-
899) were obtained from American Type Culture Collection (Manassas, VA). Cells
ere cultured according to the recommended procedures; A549 cells were cultured

n Ham’s F-12K medium supplemented with 10% fetal bovine serum (FBS) and H1838
ells were cultured in RPMI-1640 medium supplemented with 10% FBS. To examine
RNA or protein expression, cells were plated in 6-well tissue culture plates, and

ultured until 80% confluency at which time they were treated with either GW0742
r GW501516 (Vehicle control (DMSO), 0.1, 1.0 or 10.0 �M) for 24 h. After this treat-
ent, mRNA or protein was isolated and used for quantitative realtime PCR (qPCR)

nalysis or Western blotting, respectively, as described below. To examine cell pro-
iferation by Coulter counting, A549 or H1838 cells were plated in 12-well tissue
ulture plates (25,000/well or 40,000/well, respectively). To examine cell cycle dis-
ribution by flow cytometry, A549 or H1838 cells were plated in 6-well tissue culture
lates (300,000/well). Twenty-four hours after plating, cells were treated with either
W0742 or GW501516 (Vehicle control (DMSO), 0.1, 1.0 or 10.0 �M) and cell pro-

iferation and cell cycle kinetics was quantified as described below using either a
oulter counter or flow cytometry.

.2. qPCR analysis of PPARˇ/ı target gene expression

RNA was isolated from control and ligand treated cells as previously described
Hollingshead et al., 2007). Expression of angiopoietin-like protein-4 (Angptl4), a
ell-characterized PPAR�/� target gene, was measured using qPCR as previously
escribed (Hollingshead et al., 2007). Triplicate samples were examined for each
reatment group.

.3. Quantitative Western blotting

Protein samples were prepared from control- and ligand-treated cells using lysis
uffer containing protease and phosphatase inhibitors. Thirty micrograms of pro-
ein per sample was resolved using sodium dodecyl sulfate-polyacrylamide gels.
fter transferring the gels onto polyvinylidene fluoride using electroblotting, mem-
ranes were blocked with 5% milk or 5% bovine serum albumin in Tris Buffered Saline
ween 20 (TBST) and incubated overnight with primary antibodies at 4 ◦C. Following
ncubation with the primary antibody, membranes were washed and then incubated

ith biotinylated secondary antibody (Jackson ImmunoResearch Laboratories, West
rove, PA). Immunoreactive proteins were detected by 125I-labeled streptavidin.
ybridization signals for specific proteins were normalized to the hybridization

ignal of the housekeeping gene lactate dehydrogenase (LDH). Four independent
amples were analyzed for each treatment group. The following antibodies were
sed: anti-Akt, anti-phospho-Akt, PTEN (Cell Signaling Technology, Beverly, MA),
DPK1 (BD Transduction Laboratories, Franklin Lakes, NJ), and anti-LDH (Rockland,
ilbertsville, PA).

.4. Quantification of cell proliferation and cell cycle distribution
Cell growth was assessed with either a Coulter counter or by flow cytometry. For
uantifying cell growth with a Coulter counter, cells were seeded on a 12-well plate
nd cultured overnight in control medium. After this 24-h culture period, cells were
hen cultured in medium containing either GW0742 or GW501516 for up to 96 h.
ells were counted every 24 h with a Z1 Coulter particle counter®. Triplicate samples
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u
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or each treatment were used for each time point, and each replicate was counted
hree times. Growth was depicted as the average number of cells over a 96-h treat-

ent period (beginning 24 h post-plating). For flow cytometry analysis, cells were
lated on a 6-well plate and cultured overnight in control medium. After this 24-
culture period, cells were then cultured in medium containing either GW0742 or
W501516 for 24 h. During the last hour of cell culture in the presence of the ligands,
ells were pulsed with 10 �g/mL of bromodeoxyuridine (BrdU) for 1 h. Triplicate
amples for each treatment were used. The cells were then trypsinized, washed in
old-phosphate buffered saline (PBS), and pelleted (300 × g/5 min). Cells were then
xed in ice-cold 70% ethanol, incubated with wash buffer (0.5% Tween-20 PBS), and
elleted. The cells were then incubated in denaturing solution (2 M HCl/0.5% Triton
-100) for 20 min at room temperature. After incubating in wash buffer and pellet-

ng, the cell pellet was resuspended in 0.1 M sodium borate. The cells were washed
gain and pelleted. The cells then resuspended with a 1:100 dilution of FITC-labeled
nti-BrdU antibody (Phoenix Flow Systems, San Diego, CA) in dilution buffer (0.5%
ween-20/0.5% BSA PBS) for 20 min in dark. The cells were washed again and coun-
erstained with 10 �g/mL propidium iodide (PI) solution (0.1% Triton X-100 PBS)
nd analyzed by flow cytometry to detect both fluorescein and PI using a FC500
ow cytometer (Beckman Coulter, Miami Lakes, FL).

. Results

Ligand activation of PPAR�/� by either GW0742 or GW501516 in
1838 human lung cancer cells caused an increased in the expres-

ion of the known PPAR�/� target gene Angptl4 (Fig. 1A). Increased
xpression of Angptl4 was observed at concentrations ranging from
.1 to 10.0 �M in H1838 cells by GW0742. Increased expression
f Angptl4 was observed with either 1.0 or 10.0 �M GW501516
n H1838 cells. Ligand activation of PPAR�/� in A549 human lung
ancer cells caused an increased in the expression of mRNA encod-
ng Angptl4 by both GW0742 and GW501516, but this increase
as only observed in response to 10.0 �M ligand (Fig. 1B). These

esults demonstrate that both A549 and H1838 human lung ade-
ocarcinoma cell lines express a functional receptor as both cell

ines respond to PPAR�/� agonists by increasing expression of a
nown PPAR�/� target gene, Angptl4. While both cell lines express
unctional PPARb/d (Fig. 2), it is worth noting that expression of
PARb/d is considerably lower in the human lung cancer cell lines
s compared to mouse tissues with relatively high expression such
s intestine, liver and keratinocytes (Girroir et al., 2008b).

Previous work by others suggests that ligand activation of
PAR�/� potentiates cell growth by decreasing PTEN expression,
ncreasing PDPK1 expression and enhancing phosphorylation of
kt, which collectively lead to inhibition of apoptotic signaling
nd increased cell proliferation (Han et al., 2008; Pedchenko et
l., 2008). In contrast, other studies are inconsistent with these
ndings (Fukumoto et al., 2005; Keith et al., 2002, 2004; Muller-
russelbach et al., 2007). To begin to determine if the differences

n the reported mechanisms proposed for the effect of ligand acti-
ation in human lung cancer cell lines could be due to differences
n cell lines examined, the present study examined the effect of
W0742 and GW501516 on PTEN, PDPK1 and phosphorylation of
kt in both H1838 and A549 cells. Additionally, the present studies
sed a broad concentration range of ligand and the same time-
oint, which caused maximal down-regulation of PTEN expression
Han et al., 2008). In contrast to previous studies (Han et al., 2008;
edchenko et al., 2008), results from the present studies show that
igand activation of PPAR�/� had no effect on the expression of
TEN, PDPK1 or phosphorylation of Akt in either H1838 or A549
ells in response to a concentration range of PPAR�/� ligands known
o specifically activate PPAR�/� (Fig. 2). This demonstrates that
uantitative expression of PTEN, PDPK1 and phosphorylation of Akt
re not modulated by ligand activation of PPAR�/� in either A549

r H1838 human lung cancer cell lines.

Quantitative analysis of cell proliferation was examined using
wo different methods. No effect of cell proliferation was observed
sing Coulter counting over a 96 h period following exposure to
ither GW0742 or GW501516 at concentrations known to specif-
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Fig. 1. Ligand activation of PPAR�/� up-regulates expression of the known PPAR�/� target gene Angptl4. H1838 or A549 cells were treated for 24 h with the indicated
concentration of either GW0742 or GW501516. qPCR was used to quantify expression of Angptl4 mRNA. *Significantly different than control, P ≤ 0.05.

Fig. 2. Ligand activation of PPAR�/� does not influence expression of PTEN, PDPK1 or phosphorylation of Akt in H1838 or A549 cells. H1838 or A549 cells were treated
for 24 h with the indicated concentration of either GW0742 or GW501516. Quantitative Western blotting was performed to quantify protein expression of PTEN, PDPK1 or
phosphorylation of Akt. Hybridization signals were normalized to a loading control (LDH). Values with different superscripts are significantly different from control, P ≤ 0.05.
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ig. 3. Ligand activation of PPAR�/� does not influence cell growth of H1838 or
oncentration of either GW0742 or GW501516 for 96 h.

cally activate PPAR�/� (Fig. 3). Similarly, examination by flow
ytometry revealed no differences in the percentage of cells in each
hase of the cell cycle (Table 1).

. Discussion

Results from the present study reveal significant differences
ith other studies reported in the literature and raise serious con-

ern regarding the mechanisms described for PPAR�/� in lung

ancer cell growth. In the present study, no significant effect on
he expression of proteins that modulate cell growth (PTEN, PDPK1,
hosphorylated Akt) and no changes in cell cycle progression were
bserved in either H1838 or A549 human lung cancer cells. Col-

able 1
ell cycle distribution of H1838 or A549 human lung adenocarcinoma cell lines

ollowing ligand activation of PPAR�/�.

reatment Concentration [�M] G1 (%) S (%) G2/M (%)

1838 cells
0.1% DMSO – 48.2 ± 0.3a 36.0 ± 1.2a 13.9 ± 0.8a

GW0742 0.1 51.0 ± 2.3a 34.5 ± 2.5a 12.4 ± 0.1a

GW0742 1.0 49.8 ± 1.2a 35.2 ± 0.7a 13.4 ± 0.1a

GW0742 10.0 50.3 ± 1.5a 34.2 ± 0.4a 13.5 ± 0.9a

GW501516 0.1 49.9 ± 1.8a 34.3 ± 0.4a 13.4 ± 1.2a

GW501516 1.0 49.3 ± 0.1a 34.6 ± 0.4a 13.8 ± 0.8a

GW501516 10.0 51.8 ± 1.8a 33.7 ± 1.6a 12.3 ± 0.3a

549 cells
0.1% DMSO – 62.9 ± 1.1a 26.0 ± 0.6a 10.2 ± 0.4a

GW0742 0.1 62.9 ± 0.1a 26.3 ± 0.3a 9.7 ± 0.2a

GW0742 1.0 64.4 ± 0.6a 24.8 ± 0.4a 9.7 ± 0.1a

GW0742 10.0 62.7 ± 1.3a 26.3 ± 1.2a 10.2 ± 0.3a

GW501516 0.1 64.3 ± 0.3a 24.8 ± 0.3a 9.8 ± 0.7a

GW501516 1.0 63.7 ± 0.4a 24.7 ± 1.6a 10.4 ± 1.6a

GW501516 10.0 65.2 ± 0.1a 24.2 ± 0.2a 9.8 ± 0.1a

ells were treated with either GW0742 or GW501516 for 24 h and examined for
ell cycle analysis by flow cytometry. Data are presented as the percentage of cells
n each phase of the cell cycle. Values with different superscripts are significantly
ifferent than controls, P ≤ 0.05.
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cells. H1838 or A549 cells were plated and 24 h later treated with the indicated

ectively, this suggests that previous work indicating that PPAR�/�
ttenuates or potentiates cell growth during lung cancer should be
arefully re-examined.

One of the earlier reports suggesting a link between PPAR�/�
nd lung cancer cell growth showed that L165041 inhibited cell
roliferation of A549 cells using concentrations greater than 20 �M
Fukumoto et al., 2005). At this concentration, a significant down-
egulation of cyclin D and PCNA was observed and this correlated
ell with the observed inhibition of cell growth, in particular a
ecrease in the percentage of cells entering S phase (Fukumoto
t al., 2005). In contrast, no changes in the percentage of cells
n S phase were observed in the present study and no signifi-
ant differences in cell proliferation were found in either H1838
r A549 cells using two high affinity ligands and highly quanti-
ative approaches. It is important to note that the present study
sed concentrations of PPAR�/� agonists that will activate PPAR�/�,
nd that the concentrations between 0.1 and 1.0 �M are very
pecific for PPAR�/� as demonstrated using mouse primary ker-
tinocytes (Kim et al., 2006). Thus, it remains possible that higher
oncentrations of GW0742 or GW501516 could lead to inhibition
f cell proliferation in either H1838 or A549 cells as observed
n the previous study (Fukumoto et al., 2005). It is also possible
hat inhibition of cell growth might be observed in the absence
f serum in the culture medium, as this has previously been
hown to cause more growth inhibition by ligand activation of
PAR�/� in other human cancer cell lines (Girroir et al., 2008a;
ollingshead et al., 2007). However, this model may not be suit-
ble as it is unlikely that cells encounter an environment that lacks
he presence of serum growth factors. The results from cell culture
uggest that in vivo models are more appropriate to examine the
ole of PPAR�/� in lung cancer. In fact there is evidence from in
ivo models suggesting that ligand activation of PPAR�/� inhibits

ung cancer. For example, in the absence of PPAR�/� expression,
ver-expression of oncogenic Raf leads to exacerbated lung car-
inogenesis (Muller-Brusselbach et al., 2007). However, it is also
ossible that this effect is due to ligand-independent modulation
f cell signaling pathways. Indeed, PPAR�/� is known to inter-
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ere with NF-�B signaling and can also repress gene expression
n the absence of exogenous ligand (reviewed in (Burdick et al.,
006; Kilgore and Billin, 2008; Peters et al., 2008)). The observation
hat lung cancer is inhibited in mice over-expressing prostacyclin
ynthase (Keith et al., 2002, 2004) supports the hypothesis that
igand activation attenuates lung cancer, as it is thought that prosta-
yclin may act as an endogenous ligand for PPAR�/� (Gupta et
l., 2000). Importantly, there is evidence from many other mod-
ls showing that PPAR�/� mediates the induction of terminal
ifferentiation, which is associated with inhibition of cell prolif-
ration (reviewed in (Burdick et al., 2006; Peters et al., 2008)) and
hat PPAR�/� has potent anti-inflammatory activities (reviewed in
Kilgore and Billin, 2008)). Collectively, results from the present
tudies and these reports in the literature (Burdick et al., 2006;
ukumoto et al., 2005; Keith et al., 2002, 2004; Kilgore and Billin,
008; Muller-Brusselbach et al., 2007; Peters et al., 2008) strongly
upport the hypothesis that PPAR�/� attenuates carcinogenesis.
evertheless, further studies are necessary to more definitively
xamine the hypothesis that ligand activation can attenuate lung
ancer.

In contrast to several studies (Fukumoto et al., 2005; Keith
t al., 2002, 2004; Muller-Brusselbach et al., 2007) including the
resent suggesting that PPAR�/� attenuates cell proliferation of

ung cancer cells, the outcome of two recent reports suggests that
PAR�/� potentiates cell proliferation through similar mechanisms
Han et al., 2008; Pedchenko et al., 2008). These authors pro-
osed that ligand activation of PPAR�/� causes a down-regulation
f PTEN expression (Han et al., 2008; Pedchenko et al., 2008) and
ncreased expression of PDPK1 (Pedchenko et al., 2008), leading to
ncreased phosphorylation of Akt (Pedchenko et al., 2008) and anti-
poptotic activity and increased cell proliferation (Han et al., 2008;
edchenko et al., 2008). The present study provided mechanistic
nsight that can resolve this controversy. First, analysis of cell cycle
istribution by flow cytometry demonstrated that neither ligand

nfluenced cell cycle progression, which was also consistent with
he lack of changes in cell growth as determined by cell count-
ng. If ligand activation of PPAR�/� caused anti-apoptotic activities,
hen significant differences in cell number and cell cycle kinetics
hould have been observed but this was not the case. Secondly, no
hanges in PTEN, PDPK1 expression or phosphorylation of Akt were
bserved following ligand activation of PPAR�/� by either GW0742
r GW501516 in either H1838 or A549 cells, despite demonstrating
p-regulation of the known PPAR�/� target gene Angptl4. Di-
oi et al. (2002) suggested that PPAR�/� mediates anti-apoptotic
ignaling via down regulation of PTEN expression and increased
xpression of PDPK1 and phosphorylation of Akt, which was based
n analysis in keratinocytes that did not express normal markers
f cell growth (e.g. keratin 6). This is important to note because in
rimary keratinocytes that do express normal markers of growth
nd differentiation, these changes in the PTEN/PDPK1/Akt pathway
o not occur in response to ligand activation of PPAR�/� (Burdick
t al., 2007). A lack of change in this putative PPAR�/�-dependent
ignaling pathway has also been reported in a number of model sys-
ems including normal intestinal epithelium and vascular smooth

uscle cells (Lim et al., 2008; Peters et al., 2008). Why one research
roup observes changes in the PTEN/PDPK1/Akt pathway that lead
o anti-apoptotic activity while other groups do not is an important
opic that needs to be closely examined in the future. It remains a
ossibility that this could be due to cell context-specific changes.
or example, while normal keratinocytes do not exhibit alterations

n the PTEN/PDPK1/Akt pathway in response to ligand activation
f PPAR�/� (Burdick et al., 2007), perhaps keratinocytes that have
ndergone molecular changes (e.g. events associated with the lack
f keratin 6) become sensitive to this regulation. Similarly, cancer
ell lines can undergo genetic alterations after significant passages,

G

4 (2008) 112–117

nd perhaps these changes account for the reported disparities.
urther work is necessary to examine this idea. Lastly, the idea
hat ligand activation of PPAR�/� will potentiate cell prolifera-
ion of lung cancer cell lines as suggested by others (Han et al.,
008; Pedchenko et al., 2008), is also inconsistent with a large
ody of literature (Burdick et al., 2006; Fukumoto et al., 2005; Keith
t al., 2002, 2004; Kilgore and Billin, 2008; Muller-Brusselbach
t al., 2007; Peters et al., 2008). There is compelling evidence
hat PPAR�/� mediates terminal differentiation in many cell types,
nd that PPAR�/� can inhibit of cell proliferation (reviewed in
Burdick et al., 2006; Peters et al., 2008)). Additionally, since it is
ell accepted that inhibiting inflammatory signaling is an effective

pproach to inhibit tumor growth and progression, the idea that lig-
nd activation of PPAR�/� will potentiate cell proliferation of lung
ancer is inconsistent with numerous reports demonstrating potent
nti-inflammatory activities of PPAR�/� (reviewed in (Kilgore and
illin, 2008)).

Is it possible that PPAR�/� exhibits varied effects in func-
ion similar to those observed with transforming growth factor-�
TGF�)? Expression of TGF� during early cancer progression is
nown to be preventive whereas increased expression during the
atter stages of tumorigenesis is known to exacerbate the process
Glick et al., 2008). This change in function is thought to occur
hrough unidentified mechanisms that alter the normal cellular
esponse to TGF� and force the cell to use this signaling to enhance
he growth of the tumor cell rather than inhibit growth. The poten-
ial of PPAR�/� to exert varied effects during various stages of
arcinogenesis in a well-defined model of lung adenocarcinomas
eserves a thorough examination in the future.
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