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Activation of cAMP-Responsive-Element-Binding
Protein by PI3 Kinase and p38 MAPK |s Essential
for Elevated Expression of Transforming
Growth Factor 2 in Cancer Cells

Youzhong Wan"? Maojing Yang,' Sunny Kolattukudy,' George R. Stark, and Tao Lu'

Transforming growth factor 2 (TGFp2) is highly expressed in a variety of different cancer cell lines. Using Z12
cells, a mutant of 293 cells with overexpression of TGFB2, we found that the cyclic adenosine monophosphate
(cAMP)-responsive element (CRE) sequence in the promoter of the TGFf2 gene is crucial for its increased
expression. Further, constitutive phosphorylation of CRE-binding protein (CREB) is increased in these cells.
Treating Z12 cells with either the PI3 kinase inhibitor LY294002 or the p38 MAPK inhibitor SB203580 signifi-
cantly inhibited both the phosphorylation of CREB and expression of TGFB2. In addition, treating Z12 or cancer
cell lines with either of these 2 inhibitors significantly decreased their secretion of TGFB2. These data suggest that
activated PI3 kinase and p38 MAPK play important roles in high expression of TGFB2 in cancer cells by
stimulating the phosphorylation of CREB, which activates the CRE in the promoter of the TGFf2 gene. We have
identified an important link between PI3 kinase, p38 MAPK, and TGFf2, providing an additional rationale for

using inhibitors of these kinases as therapeutic drugs in cancer.

Introduction

THE ROLE OF TRANSFORMING growth factor B (TGEp) in
tumorigenesis is complex. Depending on cell type and
stage, TGFP can have either positive or negative effects
(Wakefield and Roberts 2002). To date, 3 TGFP genes have
been identified in mammals, and they are structurally and
functionally similar (O’Reilly and others 1992). Secretion of
high levels of TGFB2 is seen in many tumor cell lines (Lu
and others 2004a). In addition to other effects, high levels
of TGFB2 promote the survival of tumor cells by activating
nuclear factor-kxB (NF-kB) (Lu and others 2004a, 2004b,
2007). Therefore, a better understanding of the mechanism
of TGFPB2 overexpression in cancer is of great importance
for TGFp2-related therapy. Previously, a cyclic adenosine
monophosphate (cAMP)-responsive-element (CRE) site in
the promoter of the TGFf2 gene was shown to be essential
for its transcription (O’Reilly and others 1992). Here we
analyze the mechanism of increased TGFP2 expression in
Z12 cells, a 293-derived cell line with excessive production
of TGFB2, but not TGFB1 or 3 (Lu and others 2004a).

Materials and Methods
Cell culture and reagents

293C6 (293IL1IR cells transfected with E-selectin-driven
zeocin resistance and thymidine kinase genes) and the de-
rived mutant cell line Z12 were established in our laboratory
(Sathe and others 2004). Human glioma U87, T98G, and D54;
human prostate cancer LNCap, Dul45, and PC3; human
breast cancer HS578T; human lung cancer HOP62; and hu-
man kidney cancer CAKI cell lines were purchased from the
American Type Culture Collection. Human lung cancer NCI-
H522 and NCI-H460, and human kidney cancer ACHN,
UO31, and 7860 cell lines were kind gifts of Dr. Dennis
Stacey, Cleveland Clinic. Human breast cancer MCF7, T47D,
and BT-549 cell lines were kind gifts of Dr. Zhenghe Wang,
Case Western Reserve University. The human kidney cancer
cell line RCC54 was a gift of Dr. Andrei Gudkov, Roswell
Park Cancer Institute.

C6, 712, U887, T98G, and D54 cells were cultured in
Dulbecco’s modified Eagle’s medium. All other cell lines were
cultured in RPMI-1640 medium. All media were supplemented
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with penicillin 100U/mL, streptomycin 100mg/mL, and
10% fetal calf serum. Antibody to Ser-133 phosphorylated
CRE-binding protein (CREB) was from Cell Signaling (Cat.
No. 9198). LY294002 (LY2), and SB203580 were from Cal-
biochem.

Plasmids and transfections

A 1,729-bp fragment of the TGFf2 promoter was cloned
from a human ¢cDNA library by using the forward primer
5 CCATTCCCGGGTACCACAGTGATAGCTAATTCACG
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3" and the reverse primer 5 GCGATCTCGAGTCTGTCTTT
CTCTTGTCAGG 3'. This fragment was cut out by en-
donuclease Kpnl and Xhol and cloned into luciferase re-
porter plasmid pGL3 (Promega). Forward primers to clone
shorter TGFB2 promoter fragments were as follows: —781
construct, 5 CCATTCCCGGGTACCAATGTCAAGTTAT
GAGTAGTGTAG 3; —191 construct, 5 AATCCCGGGTA
CCGCGCACATTCCACCTC 3'; —80 construct, 5 CCATT
CCCGGGTACCATCCTAGCACGTCACTT 3'; and the same
reverse primer as for the —1729 construct. The forward primer
for the CRE mutant construct was 5 CTTCTGACTGTAA
TCCTGGCATGGCACTTTGTTGAAGGCAGAC 3’ and the
reverse primer was 5 GTCTGCCTTCAACAAAGTGCCA
TGCCTAGGATTACAGTCAGAAG 3'. All transfections were
carried out with the Lipofectamine Plus reagent (Promega).
Efficiencies of transfection were normalized to B-galactosidase
activity from a cotransfected pCMVLacZ -galactosidase re-
porter plasmid.

Western analyses

Cells were washed with 1x phosphate-buffered saline and
pelleted at 3,000 g at 4°C for 4min. Cell pellets were lysed
with immunoprecipitation assay buffer (Sathe and others
2004). Cellular debris was removed by centrifugation at
16,000 g for 10 min. The amount of protein in the supernatant
solution was determined, and samples were heat-treated in
2x sodium dodecyl sulfate (SDS) sample loading buffer
(Sathe and others 2004) at 100°C for 5min. Equal amounts
of samples were fractionated by SDS/polyacrylamide gel
electrophoresis. Western analysis was performed with pri-
mary antibodies, which were observed with horseradish-
peroxidase-coupled secondary antibodies, using the ECL
Western detection system (PerkinElmer).

Northern analyses and real-time
polymerase chain reaction

Northern analyses were performed as described by Lu and
others (2004b). Real-time polymerase chain reaction (PCR)
was performed as described by Wan and others (2009), and
the results were normalized to human glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). The specific primer
sequences used for GAPDH were 5 GAGCTGAACGGG
AAGCTCAC 3" and 5 TGTCATACCAGGAAATGAGC 3;
those for TGFB2 were 5 CGACGAAGAGTACTACGCCA 3
and 5 CGGGCAGAGCTAAACCTCAG 3.

Enzyme-linked immunosorbent
assay for TGFp2

Conditioned media were collected as described by Lu
and others (2004a). Enzyme-linked immunosorbent assay
(Quantikine-Human TGFB2 Immunoassay) was carried out
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FIG. 1. TGFp2 mRNA is highly expressed in many differ-
ent cancer cell lines. Total RNAs (10 ug) were analyzed by
the Northern method, using a TGFB2 probe. (A) Analysis of
TGFp2 in 293C6 and Z12 cells, and in glioma and prostate
cancer cells. (B) Analysis of TGFf2 in breast, lung, and kid-
ney cancer cells. TGFB2, transforming growth factor 2.
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following by the protocol from R&D Systems. The amount of
TGFB2 was normalized to cell numbers.

Results

TGFp2 is highly expressed in Z12
and a variety of cancer cell lines

The Z12 mutant cell line was established in our labora-
tory following chemical mutagenesis of 293C6 cells (Sathe
and others 2004). Previously, we found that Z12 cells se-
crete a high level of TGFB2 (Lu and others 2004a). Northern
analysis shows that the level of TGFB2 mRNA in Z12 cells is
much higher than that in C6 cells (Fig. 1A), consistent with
our previous result (Lu and others 2004a, 2004b). We also
assayed expression of TGFB2 in several groups of human
cancer cell lines, including lines derived from gliomas and
cancers of the prostate, breast, lung, and kidney (Fig. 1A, B).
Many of these cells have high TGFB2 expression, eg, glioma
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FIG.2. TGFP2 mRNA decays at similar rates in C6 and Z12
cells. The cells were treated with actinomycin D (5 ug/mL)
for the indicated times. TGFB2 mRNA was analyzed by real-
time polymerase chain reaction, normalized to glyceralde-
hyde 3-phosphate dehydrogenase. The results shown are the
means and standard deviations of triplicate experiments.
TGFp2, transforming growth factor p2.
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FIG. 3. Promoter assays show that the CRE site is crucial for increased TGFf2 transcription in Z12 cells. (A) Schematic
diagram of TGFB2 promoter. (B) TGFB2 promoter assay. Luciferase constructs with different lengths of the promoter were
transfected into C6 or Z12 cells. The luciferase readings were normalized to B-galactosidase. The results shown are the means
and standard deviations of triplicate experiments. (C) The CRE site was mutated in the TGFB2 promoter construct, followed
by transfection into C6 or Z12 cells. The luciferase readings were normalized to B-galactosidase. The results shown are the
means and standard deviations of triplicate experiments. (D) C6 and Z12 cells were analyzed by the Western method with an
antibody to phosphorylated CREB. CRE, cAMP-responsive element; TGFf2, transforming growth factor p2; CREB, cyclic
adenosine monophosphate (cAMP)-responsive element binding protein.
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FIG. 4. Treatment with the PI3 kinase inhibitor LY294002 or the p38 MAPK inhibitor SB203580 decreased both the phos-
phorylation of CREB and TGFp2 expression in Z12 cells. (A, B) Western analyses, showing that phosphorylated CREB
decreased following treatment with LY294002 (40 uM) or SB203580 (20 uM). Z12 cells were treated for 24 h and analyzed by
the Western method with an antibody to phosphorylated CREB. (C, D) Northern analyses, showing that the level of TGFp2
mRNA in Z12 cells was decreased following treatment with LY294002 (40 pM) or SB203580 (20 pM). Total RNAs (10 pg) were

analyzed by the Northern method, with a TGFB2 probe. CREB, cyclic adenosine monophosphate (cAMP)-responsive element
binding protein; TGFB2, transforming growth factor p2.
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T98G and D54 cells, prostate cancer PC3 and DU145 cells,
breast cancer HS578T cells, lung cancer HOP62 cells, and
kidney cancer UO31 cells, showing that overexpression of
TGFp2 is common in many different cancer cell lines.

Elevation of TGF}2 mRNA in Z12 cells
is not caused by altered mRNA turnover

Since elevated mRNA levels can be caused by either in-
creased transcription or decreased decay, we determined the
decay rate of TGFp2 mRNA. To have an appropriate control,
we compared Z12 cells with their parental 293C6 cells. The
cells were treated with actinomycin D to block mRNA syn-
thesis, and TGFB2 mRNAs were measured using real-time
PCR. The decay rates of TGFP2 are very similar in C6 and
Z12 cells (Fig. 2).

The CRE is critical for increased TGFf2
transcription in Z12 cells

To study the mechanism of increased TGFf2 transcription
in Z12 cells, we used promoter deletion to identify the crucial
sequence in the TGFf2 promoter. Different lengths of pro-
moter sequence were cloned into a promoterless luciferase
reporter vector (Fig. 3A), and these constructs were trans-
fected into C6 and Z12 cells. The luciferase assay shows that
even the shortest fragment, which contains only 80 nucleo-
tides upstream of the TGFf2 transcription start site, can drive
luciferase transcription (Fig. 3B). It is striking that even the
short 80bp promoter shows different transcription efficien-
cies in C6 and Z12 cells (Fig. 3B), indicating that this se-
quence is critical for increased TGFf2 transcription in Z12
cells. O'Reilly and others (1992) have shown that a functional
CRE within this region is critical for TGFf32 transcription. To
test whether the CRE is crucial for overexpression of TGFp2
in Z12 cells, we mutated it and expressed the mutant con-
struct into 293C6 and Z12 cells. Not only does the mutant
construct have much reduced luciferase activity (Fig. 3C), but
also the mutation eliminated the difference between C6 and
Z12 cells (Fig. 3C), strongly suggesting that the CRE site is
not only responsible for basal TGFB2 production in both C6
and Z12 cells, but also involved in overexpression of TGFp2
in Z12 cells. We analyzed the activation status of CREB in
both C6 and Z12 cells by the Western method (Fig. 3D).
CREB was more highly activated by phosphorylation in Z12
cells than in C6 cells, suggesting that pathways leading to the
activation of CREB are the major cause of the increased
transcription of TGFf2 in Z12 cells.

Suppression of TGFp2 expression by PI3 kinase
and p38 MAPK inhibitors in Z12
and cancer cell lines

The CREB transcription factors are regulated by multiple
kinases, including PI3 kinase and p38 MAPK (Mayr and
Montminy 2001). To identify the kinases responsible for in-
creased TGFP2 expression in Z12 cells, we used the chemical
inhibitors LY294002 for PI3 kinase and SB203580 for p38
MAPK. Both the phosphorylation of CREB (Fig. 4A, B) and
the levels of TGFB2 mRNA (Fig. 4C, D) were greatly de-
creased upon treatment with either of these two inhibitors.
We then checked TGFp2 production from Z12 and cancer
cells (Fig. 5) treated with LY294002 and SB203580, separately
or together. TGFP2 secretion was substantially reduced fol-
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FIG. 5. Treatment with inhibitors of PI3 kinase or p38
MAPK decreased TGFB2 production in cancer cells. (A) Z12
cells, (B) breast cancer HS578T cells, or (C) kidney cancer
UO31 cells were treated with 1.Y294002 (40 uM), SB203580
(20uM), or combined LY294002 (40uM) and SB203580
(20pM) in 500pL of a fresh medium in 12-well plates.
Twenty-four hours later, the conditioned media were ana-
lyzed by enzyme-linked immunosorbent assay for secretion
of TGFB2. TGF2, transforming growth factor B2.

lowing all three treatments, indicating that both PI3 kinase
and p38 MAPK help to drive overexpression of TGFB2 in
Z12 and cancer cells.

Discussion

Members of the TGFB family have both positive and
negative effects in tumorigenesis. While the inhibitory effects
dominate at early stages, oncogenic effects are observed late
in tumorigenesis (Wakefield and Roberts 2002), where
altered expression of the TGFP receptor and downstream
effector molecules such as Smad can lead to loss of tumor
suppressive effects (Xu and others 2000). It is thought that
TGEFp benefits late-stage tumorigenesis by promoting inva-
siveness and metastasis (Oft and others 1998).
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We found that TGFp2 is overexpressed in cancer cells de-
rived from several different tumors (Fig. 1), suggesting that
the positive effects of TGFB2 on tumorigenesis might be
shared by many different cancers. Our previous work
showed that high levels of TGFB2 activate NF-kB, inhibiting
apoptosis in PC3 prostate cancer cells (Lu and others 2004a).
Suppression of TGFB2 expression in PC3 cells by an anti-
TGFB2 antibody or siRNA promotes cell death (Lu and others
2004a). For the future, it is important to determine whether
the activation of NF-kB is observed in all tumor cell lines with
high levels of TGFB2 expression, and whether blocking
TGFp2 expression causes the death of all of these cancer cells.

It is virtually impossible to find an appropriate normal
control for analysis of the mechanism of TGFP2 over-
expression in cancer cells. To overcome this problem, we
compared TGFp2 overexpression in the Z12 mutant cell line
with its normal expression in C6 parental cells (Lu and others
2004a, 2004b; Sathe and others 2004). We now find that the
CRE site of the TGFf2 promoter is essential for its increased
activity in Z12 cells, and increased TGFB2 expression in Z12
cells is caused by the activation of CREB, through phos-
phorylation. Akt mediates the activation of CREB in re-
sponse to serum stimulation, and treatment with L'Y294002, a
kinase inhibitor of PI3 kinase, an upstream activator of Akt,
abolishes the activation of CREB (Du and Montminy 1998).
In addition, p38 MAPK is required for the activation of CREB
in response to insulin-like growth factor-1, and treatment of
cells with the p38 MAPK inhibitor SB203580 abolishes CREB-
mediated gene expression (Pugazhenthi and others 1999). In
our study, treatment with LY294002 or SB203580 decreased
CREB phosphorylation in Z12 cells (Fig. 4A, B). Further,
treatment with these two inhibitors, separately or together,
had a major effect in decreasing the TGFB2 production in Z12
cells, breast cancer HS578T cells, and kidney cancer UO31
cells (Fig. 5), suggesting that signaling pathways mediated
by PI3 kinase and p38 MAPK are involved in TGFB2 over-
expression in these cell lines. Importantly, both PI3 kinase
and p38 MAPK are often found to be activated in cancer, and
chemical inhibitors of both pathways are considered to have
great potential for cancer therapy (Cuenda and Rousseau
2007; Garcia-Echeverria and Sellers 2008). Our current find-
ings provide further insight into the complex interactions
among several major signaling pathways in cancer and also
provide an additional rationale for using inhibitors of PI3
kinase and p38 MAPK as potential anticancer drugs.
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