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Abstract: Transforming Growth Factor-β (TGF-β) regulates the reactive stroma microenvironment associated with
most carcinomas and mediates expression of many stromal derived factors important for tumor progression, including FGF-2 and CTGF. TGF-β is over-expressed in most carcinomas, and FGF-2 action is important in tumor-induced
angiogenesis. The signaling mechanisms of how TGF-β regulates FGF-2 expression in the reactive stroma microenvironment are not understood. Accordingly, we have assessed key signaling pathways that mediate TGF-β1-induced
FGF-2 expression in prostate stromal fibroblasts and mouse embryo fibroblasts (MEFs) null for Smad2 and Smad3.
TGF-β1 induced phosphorylation of Smad2, Smad3, p38 and ERK1/2 proteins in both control MEFs and prostate
fibroblasts. Of these, Smad3, but not Smad2 was found to be required for TGF-β1 induction of FGF-2 expression in
stromal cells. ChIP analysis revealed a Smad3/Smad4 complex was associated with the -1.9 to -2.3 kb upstream
proximal promoter of the FGF-2 gene, further suggesting a Smad3-specific regulation. In addition, chemical inhibition of p38 or ERK1/2 MAPK activity also blocked TGF-β1-induced FGF-2 expression in a Smad3-independent manner. Conversely, inhibition of JNK signaling enhanced FGF-2 expression. Together, these data indicate that expression of FGF-2 in fibroblasts in the tumor stromal cell microenvironment is coordinately dependent on both intact
Smad3 and MAP kinase signaling pathways. These pathways and key downstream mediators of TGF-β action in the
tumor reactive stroma microenvironment, may evolve as putative targets for therapeutic intervention.
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Introduction
The stromal cell microenvironment is a key regulator of carcinoma progression, however, the
biology of how reactive stromal cells influence
tumor progression is not well understood.
Several growth factors have emerged as regulators of the reactive stroma microenvironment. Among these, TGF-β is perhaps the most
multifunctional, exhibiting both direct and indirect effects on carcinoma cells, cancer associated fibroblasts (CAFs), host immune response
mechanisms, and angiogenesis [1, 2]. TGF-β is
overexpressed in most carcinomas and is associated with elevated metastatic potential. The
pleiotropic actions of TGF-β regulates wound

repair through its cytostatic, chemotactic and
fibrotic induction of different cell populations.
The fibrotic induction of stroma fibroblasts facilitates granulation tissue formation and tissue
remodeling through ECM deposition and growth
factor production [3]. Our previous studies have
shown that TGF-β action in stromal cells promotes angiogenesis and prostate tumorigenesis in human prostate carcinoma cell/stromal
cell recombination xenograft models [4-6]. The
actions of TGF-β were mediated, in part, through
induced expression of CTGF and FGF-2 in reactive stroma fibroblasts in the tumor microenvironment [6, 7]. Elevated stromal expression of
CTGF and FGF-2 induced angiogenesis in the
tumor microenvironment and elevated rate of
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tumor growth. Little is understood about specific signaling pathways mediated by TGF-β
action in reactive stroma fibroblasts, yet TGF-β
action signaling in this compartment of cells
appears to be a critical component of tumor
progression. Accordingly, these pathways may
represent targets of opportunity for novel therapeutic approaches.
FGF-2 is one of the most potent factors regulated by TGF-β in reactive stroma. In stromal tissues, FGF-2 functions as a paracrine and autocrine mitogen, regulates differentiation, induces migration of endothelial cells to promote
angiogenesis during wound healing and tumorigenesis, and regulates general homeostasis
[8-10]. In both breast and prostate cancerassociated reactive stroma, expression of
FGF-2 and cognate receptors are significantly
increased and this likely affects rate of tumor
progression and metastasis [10-14]. What is
not yet understood, are the specific pathways
and interaction of these pathways that mediate
TGF-β induced FGF-2 expression in the tumor
microenvironment fibroblasts. In general, TGFβ action is mediated through phosphorylation
of cytoplasmic R-Smads, which subsequently
translocate to the nucleus and regulate gene
expression by either binding DNA directly or by
associating with DNA-binding transcription factors [15-18]. In addition to activation of Smad
signaling, TGF-β1 can activate members of the
MAPK pathways as well as other kinases. Upon
stimulation by TGF-β, crosstalk between
ERK1/2, p38, JNK1/2 and Smad pathways is
cell type-specific [19-26] although potential
crosstalk and integration of pathways in reactive stroma fibroblasts has not been addressed.
In this report we have evaluated critical signaling pathways in order to better understand the
TGF-β/FGF-2 signaling axis in prostate cancer
reactive stroma and to address specific mechanisms of TGF-β1-induced FGF-2 expression in
stromal fibroblasts. Results here show that
FGF-2 expression in fibroblasts is upregulated
by TGF-β1 and that Smad3, but not Smad2 signaling is required. In addition, FGF-2 expression
relied on intact p38 and ERK1/2 signaling,
which was induced by TGF-β in a Smadindependent manner. These data show that
TGF-β1 regulates FGF-2 via coordinate, yet
independent Smad3/4 and MAPK pathways.
Key integrated pathways may evolve as potential targets for therapeutic intervention in reac-
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tive stroma-related diseases including fibrosis
and cancer.
Material and methods
Cell lines
The control prostate fibroblast cell line TβRIICT
was derived from a C57B mouse with floxed
TGF-β receptor II alleles as we have described
previously [6] and cultured in BFS medium:
DMEM (Invitrogen, Carlsbad, CA) supplemented
with 5% fetal bovine serum (Hyclone, Logan,
UT), 5% Nu Serum (BD Biosciences, Bedford,
MA), 0.5 μg/ml testosterone, 5 μg/ml insulin,
100 units/ml penicillin and 100 μg/ml streptomycin (Sigma, St. Louis, MO). The Smad2 wild
type control (S2WT), Smad2 null (S2KO), Smad3
wild type control (S3WT) and Smad3 null
(S3KO) mouse embryo fibroblasts (MEFs) were
generated as described previously [27, 28].
These cells were cultured in 20% FBS in DMEM
with 100 units/ml penicillin and 100 µg/ml
streptomycin. All cell lines were monitored for
mycoplasma using the MycoAltert Mycoplasma
Detection Kit (Lonza Rockland, Inc., Rockland,
ME). During the course of experimentation, the
S2WT, S3WT, S2KO, and S3KO cell lines were
discovered to be mycoplasma-positive. These
cell lines were treated with Mycoplasma
Removal Agent (MRA) (MP Biomedicals, Irvine,
CA) following recommended procedure. Subsequent screening at regular intervals showed
all cell lines were mycoplasma-free. Key experiments were repeated and results were verified
using mycoplasma-negative cell lines.
Measurement of FGF-2 protein
To measure induction of FGF-2 protein by TGFβ1, the TβRIICT prostate fibroblasts, or S2WT,
S2KO, S3WT and S3KO MEF cells were plated
in 6-well plates in full serum for 24 hours,
washed with PBS, and serum starved by replacing media with 0.5% FBS in DMEM for 24 hours.
Cells were subsequently treated with 2.5 ng/ml
(100 pM) porcine TGF-β1 (R&D Systems,
Minneapolis, MN) or vehicle control for 24
hours and cell extracts were made in 250 µL
RIPA buffer (150 mM NaCl, 50 mM Tris, 0.5%
DOC, 0.1% SDS, 1% NP-40 plus protease inhibitors). For chemical inhibitor studies, cells were
pretreated with either vehicle control (0.1%
DMSO) or UO126 (10 μM), SP600125 (10 µM),
or SB203580 (10 µM for prostate fibroblasts or
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50 µM for MEFs) (each from Calbiochem, San
Diego, CA) for 1-2 h prior to TGF-β1 treatment.
FGF-2 protein in 100 µl of cell extracts made
with RIPA buffer was measured by an FGF-2specific ELISA according to the manufacturer’s
protocol (R&D Systems). Replicate wells were
trypsinized and cells counted using a hemacytometer. FGF-2 levels were standardized to relative cell number. The data was normalized to
vehicle control levels and fold changes were
determined.
Quantitative PCR
Transcriptional regulation of FGF-2 mRNA levels
by TGF-β1 and MAPK proteins was assessed by
quantitative PCR (qPCR) analysis as described
previously [6]. TβRIICT prostate gland fibroblasts, and S3WT, S3KO, S2WT and S2KO
MEFs were grown in 6-well plates in full serum
to 70-80% confluence and media was changed
to 0.5% FBS in DMEM for 24 hours. Cells were
pretreated as described above with the MAPK
inhibitors (10 µM for each) and then treated
with 2.5 ng/ml (100 pM) porcine TGF-β1 or
vehicle control alone for 3, 6, 9, 12, 18 or 24
hours and total RNA was extracted using the
RNeasy Miniprep kit (Qiagen, Inc., Valencia,
CA). cDNA was prepared and analyzed for FGF-2
and GAPDH levels using qPCR as described
previously [6] and relative FGF-2 mRNA levels
were determined using the ddCT method. All
data was standardized to vehicle control
levels.
Western blot
Phosphorylation of MAPK kinase proteins and
Smads were evaluated by Western blot of cells
treated with 2.5 ng/ml (100 pM) TGF-β1. Cells
were seeded in 6-well plates, cultured to
70-80% confluence and serum starved in
DMEM for 24 hours. Pretreatment with chemical inhibitors was performed 1 hour before
TGF-β1 treatment and cell extracts were made
with 400 μl SDS sample buffer containing 62.5
mM Tris-HCL (pH 6.8), 2% w/v SDS, 10% glycerol, 50 mM DTT, and 0.01% bromophenol blue
after washing cells 2X with cold PBS. 20 μg of
the protein extracts were loaded onto 8% acrylamide gels and transferred onto either nitrocellulose or PVDF membranes for Western blotting. Primary antibodies were as follows: phospho-Smad2 (Ser465/467) (#3101, Cell Signaling, Danvers, MA), Smad2 (#51-1300, Zymed),
phospho-Smad3 (Ser433/435) (#9514, Cell
Signaling), Smad3 (#51-1500, Zymed), phos241

pho-P38MAPK (Thr180/Tyr182) (#506119, Calbiochem), P38MAPK (#P39520, BD Transduction Laboratory, San Jose, CA), phosphoERK1 (#E23920, BD Transduction Laboratory),
phospho-ERK1/2 (#9106, Cell Signaling), and
ERK1/2 (#9102, Cell Signaling). Antibodies
were used at recommended concentrations.
Western analysis was detected by Western
Lightning kit (PerkinElmer Life Science, Inc.,
Waltham, MA) or SuperSignal West Dura and
Femto (Pierce, Rockford, IL) with Kodak Image
Station 440. For some experiments, membranes were subsequently stripped for 30 minutes at 50°C in 65 mM Tris-HCl pH6.7, 100
mMβ-ME, 2% SDS and membranes were reprobed with other antibodies.
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were carried out with chromatin
prepared from Smad2 null MEFs treated with
TGF-β1 (2.0 ng/ml, 80 pM) or its vehicle control
as reported previously [29]. Briefly, 2.0 μg of
anti-Smad4 (B8, Santa Cruz Biotechnology,
Santa Cruz, CA) or anti-Smad2/3 (E20, Santa
Cruz Biotechnology), and 35 U of chromatin at
A260 were used for each ChIP assay. ChIP
products were amplified in a PTC-200 Peltier
Thermal Cycler by primers designed to the
FGF-2 promoter using Primer Express software
(Applied Biosystems, Carlsbad, CA) following
the guidelines provided by Applied Biosystems
and are as follows: (-3542 to -3356) 5’ATGGTGTCCTGTTTCCGAGTCTT and 5’TGTCTCGACTCTGCACATCATCTT; (-2999 to -2593): 5’CCCTCTGCATGCTACCTTACTTC and 5’GCATACACCGTGTTAACTGCCA; (-2353 to -2168): 5’TGTGCTCCTATTGGTAAACATGCA and 5’TCAGCCAGGGATTTGTGGAA; (-1511 to -1384): 5’GGATACAAAGCCCACATTTGAGA and 5’TTGAAGAGGGTGCCAGCTAATG.
Statistical analysis
Mean levels of protein production were compared in control vs. experimental conditions
using the unpaired t test (two-tailed). Statistical
analyses of relative RNA levels in control vs.
experimental conditions over the indicated
time course were evaluated using the 2-way
ANOVA analysis. Statistical analyses were generated using Prism for Macintosh version 5.0
(GraphPad Software). P < 0.05 was considered
statistically significant. Experiments were
repeated a minimum of 3 times (independently)
and measured in triplicates.
Am J Clin Exp Urol 2014;2(3):239-248
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Figure 1. Smad3 regulates FGF-2 expression in mouse embryo fibroblasts. A. TGF-β1-induced (100 pM) FGF-2
mRNA expression is equivalent in both Smad2 control MEFs and Smad2 null MEFs; B. A significant upregulation of
FGF-2 mRNA by TGF-β1 (100 pM) is evident in Smad3 control MEFs with maximal expression at 9 hr, whereas FGF-2
message remains at near basal levels in TGF-β1 stimulated Smad3 null MEFs; C. TGF-β1 (100 pM) induces Smad2
and Smad3 phosphorylation in Smad3 wild type MEFs cells. In Smad3 null MEFs, Smad3 protein and phosphorylation is absent; however, Smad2 is phosphorylated by TGF-β1; D. A corresponding upregulation of total cellular FGF-2
protein levels by TGF-β1 (100 pM) at 24 hr is observed in Smad3 control MEFs; however, this effect is significantly
attenuated in Smad3 null MEFs. All data were normalized to cell number and fold changes were determined relative
to control. *P < 0.05, N=3 independent experiments in triplicate.

Results
Smad3 signaling is required for TGF-β1 induced FGF2 expression in fibroblasts
Our previous work has shown that TGF-β1 stimulates FGF-2 message and protein expression
as well as FGF-2 protein secretion from prostate gland stromal cells [6]. The Smads critical
for this regulation and component signaling
pathways in fibroblasts are not well defined. To
assess the specific role of Smad signaling,
mouse embryo fibroblasts (MEFs) from Smad2
null mice and Smad3 null mice along with their
individual intact Smad control MEFs [28] were
evaluated. As shown in Figure 1A, both wild
type Smad2 MEF controls and Smad2 null
MEFs exhibited TGF-β1 induced expression of
FGF-2 mRNA as assessed by quantitative PCR.
In contrast, Smad3 wild type control MEFs
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exhibited a time-dependent induction of FGF-2
message by TGF-β1, whereas FGF-2 expression
remained at near basal levels in Smad3 null
MEFs as shown in Figure 1B. In control MEFs,
FGF-2 message levels were highest at 9 hr.
Figure 1C shows that TGF-β1 induced phosphorylation of both Smad2 and Smad3 through
4 hours of TGF-β1 treatment in control MEFs.
As expected, Smad3 protein or phosphorylation was absent in Smad3 null MEFs; however,
Smad2 phosphorylation remained intact in
these cells. ELISA was used to assess FGF-2
protein induction. Figure 1D shows that Smad3
control MEFs exhibited a significant increase in
FGF-2 protein over a 24 hr period, whereas this
response was greatly attenuated in Smad3 null
MEFs. Together, these data indicate that TGFβ1 induced expression of FGF-2 in fibroblasts is
dependent on functional Smad3 signaling but
not Smad2.
Am J Clin Exp Urol 2014;2(3):239-248
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Figure 2. Binding of Smad3/4 complex to the FGF-2 promoter. A. ChIP analysis after TGF-β1 (80 pM) treatment of
Smad2 null MEFs showed Smad3 and Smad4 antibodies selectively immunoprecipitated the -2353 to -2168 region
(arrow) of the FGF-2 promoter that contains a putative consensus Smad4 binding element; B. Chromatin shearing
shows fragments of approximately 200-800 bp; C. Map of regions evaluated by PCR analysis (arrows). Primer sets
were designed to scan 5 kb of the FGF-2 promoter, but only amplicons surrounding the potential binding site are
shown. Sequence analysis in this region detected five potential SBEs. Subsequent analysis using MatInspector
(Genomatix) predicted a gtct SBE motif at -1994 from the start codon as a putative Smad4 binding sequence in the
FGF-2 promoter.

Smad3/4 interacts directly with the FGF-2
proximal promoter
To assess whether TGF-β1 induction involved
direct interaction of Smad3/4 complexes and
to pinpoint specific binding regions of the FGF-2
promoter, ChIP assays were conducted. Smad2
null MEFs were used to avoid Smad4 interactions with Smad2 and since they exhibited
intact TGF-β1 induced FGF-2 expression. FGF-2
promoter fragments (200-800 bases, Figure
2B) were precipitated using Smad3 and Smad4
antibodies in TGF-β1 treated MEFs and interactions in the first 5 kb upstream of the start site
were evaluated with PCR in precipitated material. As shown in Figure 2A, specific interactions were observed with both antibodies using
primers directed to amplify the -2353 to -2168
region but not flanking regions (Figure 2A and
2C). These data were consistent with further in
silico analysis of DNA sequence in that region.
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A cluster of 5 potential Smad binding motifs
(-1862, -1994, -2143, -2198, and -2560) were
found in this expanded region as shown in
Figure 2C. Further evaluation using MatInspector by Genomatix confirmed these data,
particularly at the -1994 position. Together,
these data suggest that TGF-β1 regulates
FGF-2 expression directly through interaction of
Smad3/Smad4 binding complexes with the
FGF-2 proximal promoter approximately 1.9-2.3
kb upstream of the start site, although other
potential sites more distal than 5 kb cannot be
ruled out.
TGF-β1-induction of FGF-2 expression in MEFs
is regulated by ERK1/2, p38, and JNK signaling
To assess crosstalk mechanisms with MAPK
pathways, wild type control MEFs were treated
with TGF-β1 (100 pM) in the presence of MAPK
Am J Clin Exp Urol 2014;2(3):239-248
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Figure 3. TGF-β1-induced FGF-2 mRNA and protein expression in mouse embryo fibroblasts is regulated by ERK1/2,
p38 and JNK signaling pathways. A. Chemical inhibition of either ERK1/2 phosphorylation (UO126) or p38 activity
(SB203580) significantly attenuated TGF-β1-induced FGF-2 mRNA expression relative to TGF-β1 control, whereas
inhibition of JNK signaling (SP600125) significantly elevated FGF-2 mRNA induction by TGF-β1 (asterisks). *P <
0.05, N ≥ 3 independent experiments in triplicate; B. Western blots show TGF-β1 induced phosphorylation of p38
in mouse embryo fibroblasts with less obvious induction in ERK 1/2. C. FGF-2 protein in MEF cell extracts from cells
treated with either TGF-β1 (+) or vehicle control (-), with or without chemical inhibitors. TGF-β1 induction of FGF-2
protein was significantly inhibited in MEFs treated with ERK1/2 and p38 inhibitors (asterisks). *P < 0.05, N ≥ 3
independent experiments with replicate wells/experiment.

inhibitors or vehicle control and FGF-2 mRNA
was evaluated by qPCR over a 24 hr. time
course. As shown in Figure 3A, both UO126 (a
MEK1/2 inhibitor) and SB203580 (a p38 inhibitor) resulted in a significant attenuation of
induced FGF-2 mRNA in MEF cells. Of interest,
SP600125, a JNK inhibitor, resulted in a significant augmentation of TGF-β1 induction of
FGF-2 message. Consistent with these results,
Western blots show that TGF-β1 induced phosphorylation of both p38 and ERK 1/2 in wild
type control MEFs, although effects on ERK
1/2 exhibited higher basal phosphorylation
and TGF-β1 induction of ERK 1/2 was minimal
(Figure 3B). Induction of p38 phosporylation
was also observed in Smad3 null MEFs, whereas ERK 1/2 is less clear in these cells.
244

Interestingly, TGF-β1 did not affect JNK phosphorylation under any conditions in any cell
lines tested (data not shown). Consistent with
the mRNA data, use of the p38 and ERK 1/2
MAPK inhibitors resulted in a significant
decrease in TGF-β1 induced FGF-2 protein
expression at 24 hr as shown by ELISA assay
(Figure 3C), although the JNK inhibitor did not
seem to affect protein levels at the 24 hr time
point.
TGF-β1 activates MAPKs in prostate stromal
cells
C57BL/6 mouse prostate fibroblasts (TβRIICT)
were generated as described previously [6]
and, as expected, exhibited TGF-β1 induced
Am J Clin Exp Urol 2014;2(3):239-248
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Figure 4. TGF-β1 induces phosphorylation of Smad3, p38, and ERK 1/2 in prostate gland fibroblasts. A. Western
blots show induction of Smad3, p38 phosphorylation by TGF-β1 treatment in prostate gland fibroblasts; B. TGF-β1
induced ERK 1/2 phosphorylation in prostate gland fibroblasts. Basal phosphorylation was evident and TGF-β1
induced phosphorylation was most apparent at 4 hr, which was inhibited by pretreatment with MEK inhibitor U0126
(4 + U0126) as a control.

Figure 5. TGF-β1-induced FGF-2 expression in prostate gland fibroblasts requires ERK1/2 and p38 activity. A. Chemical inhibition of either ERK1/2 phosphorylation (UO126) or p38 activity (SB203580) significantly attenuated TGFβ1-induced FGF-2 mRNA expression in prostate gland fibroblasts relative to control (asterisks). *P < 0.05, N ≥ 3 independent experiments in triplicate. Inhibition of JNK activity (SP600125) resulted in a trend toward elevated mRNA
that did not reach statistical significance; B. FGF-2 protein in prostate gland fibroblast cell extracts from cells treated
with either TGF-β1 (+) or vehicle controls (-) with or without chemical inhibitors. TGF-β1 induced FGF-2 protein was
significantly attenuated (asterisks) in the presence of ERK1/2 and p38 kinase inhibitors, whereas inhibition of JNK
resulted in a significant increase in FGF-2 protein (asterisks). *P < 0.05, N=2-4 independent experiments with replicate wells per experiment.

Smad3 phosphorylation (Figure 4A). Although a
basal level of phosphorylation of p38 was
noted at the zero time point, TGF-β1 induced
elevated phosphorylation of p38 in prostate
fibroblasts evident at the 1-4 hr time points
(Figure 4A), similar to control MEF cells. Basal
level of ERK 1/2 phosphorylation was also
observed at the 0-2 hr time points. TGF-β1
induced an elevated phosphorylation of ERK
1/2 that was apparent at the 4 hr time point
(Figure 4B). This induction of ERK 1/2 phosphorylation was specific, since pretreatment of
cells with UO126 resulted in attenuated
ERK1/2 phosphorylation in the presence of
TGF-β1 (Figure 4B).
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TGF-β1-induction of FGF-2 expression in
prostate stromal cells is regulated by ERK1/2,
p38, and JNK signaling
In TβRIICT prostate fibroblasts, TGF-β1 induced
FGF-2 messages following a similar time course
as compared to MEFs as shown in Figure 5A.
Maximum FGF-2 message was observed at
6-18 hours post-TGF-β1 treatment. Similar to
regulation in MEFs, both the ERK 1/2 and p38
inhibitors (U0126 and SB203580 respectively)
resulted in a significant attenuation of FGF-2
message induction. Consistent with results
using MEFs, the JNK inhibitor SP600125 also
tends to elevate FGF-2 message in prostate
stromal cells treated with TGF-β1 but this did
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not achieve statistical significance as in MEFs.
Protein levels exhibited a similar trend with the
ERK 1/2 and p38 inhibitors resulting in a significant attenuation of TGF-β1 induced FGF-2
protein at the 24 hr time point (Figure 5B). As
suggested with induced FGF-2 message, use of
the JNK inhibitor SP600125 did result in a significant elevation of FGF-2 protein in prostate
stromal cells (Figure 5B).
Discussion
TGF-β is a key regulator of the reactive stroma
microenvironment that is typified by an induced
reactive stroma composed primarily of activated fibroblasts and myofibroblasts. FGF-2 may
mediate much of the pro-fibrosis biology
induced by TGF-β1 at sites of reactive stroma
[6, 12]. Moreover, FGF-2 may mediate metastatic spread of prostate cancer, as we have
shown recently that FGF receptor 1 is critical
for metastasis in a mouse model [30]. In this
report, we examined TGF-β1 regulation of FGF-2
expression in prostate fibroblasts and mouse
embryo fibroblasts by potential mediators of
TGF-β1 signaling, in order to define key pathways. Our data shows that FGF-2 mRNA and
protein expression are regulated by Smads3/4
and the MAPK proteins p38, ERK1/2, and JNK.
These data show that functional signaling of
the Smad3, p38 and ERK 1/2, but not Smad2,
are each required for TGF-β1 induced FGF-2
mRNA and protein expression in fibroblasts.
Our data also shows that the -1.9 to -2.3 region
of FGF-2 promoter is a potential site for
Smad3/4 complex regulation of FGF-2 expression, although other sites of interaction in the
more distal promoter cannot be ruled out.
However, our data also suggests that functional Smad3 signaling is not necessarily required
for TGF-β1 induced phosphorylation of the
selected MAPK proteins.
The role of Smad3 and exclusion of Smad2 in
regulating FGF-2 expression is consistent with
other pro-fibrotic roles assigned to functional
Smad3 signaling. Smad3 has been shown to
regulate pro-fibrotic, pro-angiogenic proteins
including collagens I and III, VEGF-A [31] and
CTGF [32]. Consistent with these findings,
wounding studies have shown an inhibited
fibrotic response in Smad3 null mice [27]. It is
likely that attenuated FGF-2 may have accounted for this decreased fibrotic, wound repair
response. Based on data reported here, FGF-2
can be categorized as a partner in the TGF-β246

induced and Smad3 dependent fibrotic tissue
response. Of interest is the Smad3 independent activation of MAPK signaling in fibroblasts.
These data suggest that even in attenuated or
blocked Smad3 signaling conditions, some
fibroblasts cell responses to TGF-β1 can be
generated by MAPK signaling.
In contrast to the pro-fibrotic activities of p38
and ERK 1/2 signaling, JNK activation is suggested to be generally anti-fibrotic due to its
inhibition of Smad3-driven transcription [33].
Furthermore, activation of the JNK1/2 SAPK
signaling pathway by pro-inflammatory cytokines like TNF-β acts as an antagonist of
Smad3-driven expression of pro-fibrotic and
pro-angiogenic genes by preventing Smad3
transcriptional activity by a mechanism that is
incompletely understood [34, 35]. Consistent
with this, transplantation of bone marrow from
a TNF-α knockout mouse in a wounding model
potentiated the fibrotic response suggesting
that cytokines expressed by inflammatory cells
at sites of wound repair may inhibit the fibrotic
response [36]. In alignment with these possibilities, data reported here shows that the JNK
pathway may function to inhibit TGF-β1 induced
expression of FGF-2 in stromal fibroblasts and
MEFs and that TGF-β1 inhibits JNK activity.
Accordingly, it is likely that pro-fibrotic and antiinflammatory response generated concurrently
at sites of repair by TGF-β1 are mediated via
differential activation of ERK 1/2 and p38,
along with repression of JNK pathways in activated fibroblasts. This is important since activated fibroblasts are the central cell type in any
type of wound repair, reactive stroma, granulation tissue, or fibrotic response.
The further identification of signaling pathways
and genes regulated directly or indirectly by
TGF-β1 in fibroblasts at sites of tissue repair
and in carcinoma-associated fibroblasts or
myofibroblasts at reactive stroma sites in the
tumor microenvironment will facilitate our
understanding of the common signaling
schemes utilized by TGF-β1 in its regulation of
downstream genes in cancer, wound repair,
and pro-fibrotic diseases, including vessel wall
disease. In addition, it is equally imperative to
further understand the pathways utilized by
pro-inflammatory cytokines in negatively regulating Smad3-driven pro-fibrotic biology in order
to identify additional potential therapeutic
targets.
Am J Clin Exp Urol 2014;2(3):239-248
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