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Overdistension of hollow organs evokes pathological
changes characterized by smooth muscle remodeling.
Mechanical stimuli induce smooth muscle cell (SMC)
growth through acute activation of signaling cascades
and by increased expression of soluble mitogens.
Physical forces have also been implicated in ligand-
independent activation of receptor tyrosine kinases,
including the platelet-derived growth factor (PDGF)
receptor, although the extent to which this occurs in
intact tissue is unknown. Previously, we implicated
Akt and activator protein-1 (AP-1) as mediators of
growth and gene expression in SMC exposed to cyclic
stretch or PDGF. Here we show that bladder wall
distension leads to PDGFR activation and identify
thrombomodulin (TM) as an Akt and AP-1 target in
SMC. We demonstrate that TM, also induced by blad-
der stretch injury, is regulated at the transcriptional
level by the AP-1 components c-jun and Fra1. Muta-
tion of an AP-1 motif at �2010/�2004 abolished both
AP-1 binding and PDGF responsiveness of the TM
promoter. Fra1 silencing diminished PDGF-induced
TM expression and SMC cell cycle transit. In contrast,
TM knockdown did not affect cell growth but attenu-
ated PDGF-stimulated SMC migration. Taken together,
these results reveal new facets of TM regulation in
SMC and provide the first demonstration of a role for
endogenous TM in PDGF-induced cell migration.
Moreover, TM induction on bladder injury suggests
that it may be a biomarker for pathological smooth
muscle remodeling. (Am J Pathol 2010, 177:119–131; DOI:

10.2353/ajpath.2010.090772)

Fibroproliferative remodeling of smooth muscle underlies
a wide range of diseases, including asthma, atheroscle-
rosis, and lower urinary tract dysfunction.1–3 Smooth
muscle mediates contractile functions and is present in
multiple organs, where it interacts with diverse cell types
and is exposed to a range of physiological and patho-
logical stimuli. Unlike cardiac and skeletal muscle,
smooth muscle cells (SMC) are not terminally differenti-
ated and can alter their phenotype in response to envi-
ronmental perturbations. This so-called phenotypic mod-
ulation involves dedifferentiation and proliferation of SMC
and is initially beneficial to allow tissues to adapt to
increasing pressure or other stress. Despite this initial
adaptation, however, sustained exposure to injurious
stimuli can lead to aberrant smooth muscle growth and
loss of contractility.4 Diverse stimuli can induce smooth
muscle remodeling, including mechanical or chemical
injury, inflammation, and altered innervation. In hollow
organs such as the urinary bladder, sustained in-
creases in wall stretch and/or luminal pressure are
known to promote hypertrophy and hyperplasia of
smooth muscle (reviewed in Ref. 5). However, the mo-
lecular mechanisms underlying these processes are
poorly understood.

Previous studies from our group and others have dem-
onstrated that while mechanical stress itself is mitogenic,
mechanical stimuli also up-regulate expression of soluble
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SMC mitogens such as heparin-binding epidermal
growth factor-like growth factor and platelet-derived
growth factor (PDGF).6–8 Moreover, several in vitro stud-
ies have implicated physical forces in activation of recep-
tor tyrosine kinases in SMC, including the PDGF receptor
(PDGFR),9 the epidermal growth factor receptor/ErbB1,10

and ErbB2.11 However, the extent to which this occurs in
intact tissue has not been determined. We also impli-
cated the phosphatidylinositol 3-kinase (PI3K)/Akt path-
way and the activator protein-1 (AP-1) transcriptional
complex as mediators of DNA synthesis and gene ex-
pression, respectively, in primary human bladder SMC
(pBSMC) exposed to cyclic stretch relaxation or
PDGF.12,13 Although Akt and AP-1 have been studied
independently in many different contexts, the extent to
which they interact to regulate smooth muscle remodel-
ing remains unknown. In this study, we show that the
PDGFR is activated in the bladder wall in response to
distension and describe a novel Akt- and AP-1-depen-
dent pathway in pBSMC that regulates expression of
thrombomodulin (TM). Using a variety of complementary
approaches, we implicate the c-jun�Fra1 AP-1 dimer as
a critical regulator of TM gene expression in response to
PDGFR activation. We also provide the first evidence for
endogenous TM as a regulator of SMC migration, a crit-
ical aspect of smooth muscle remodeling.

Materials and Methods

Cell Culture

pBSMC were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS; Valley Biomedical, Winchester, VA), 2
mmol/L L-glutamine, 100 U/ml penicillin, and 100 �g/ml
streptomycin (all from Invitrogen, Carlsbad, CA) at 37°C
in a humidified atmosphere of 95% air-5% CO2. All ex-
periments were performed on cells between passages 3
and 6. Cells were subjected to serum depletion (DMEM/
0.5% FBS) for at least 24 hours or up to 48 hours before
treatment.

Preparation of Nuclear Extracts

Nuclear extracts from vehicle and PDGF-treated pBSMC
were prepared essentially as described previously.14

Briefly, cells were scraped in PBS. Cells were allowed to
swell for 15 minutes at 4°C in hypotonic buffer A (10
mmol/L HEPES, 10 mmol/L KCl, 0.1 mmol/L EDTA, pH
8.0, 0.1 mmol/L EGTA, 2 �g/ml leupeptin, 1 mmol/L di-
thiothreitol, and protease inhibitors (Complete Mini tab-
lets; Roche Applied Science, Indianapolis, IN)). Nonidet
P-40 was added to a final concentration of 3% (v/v), and
cells were vortexed for 10 seconds. Samples were cen-
trifuged at 16,000 � g for 1 minute, and supernatants
were removed as cytosolic fractions. Pellets were resus-
pended in buffer B (20 mmol/L HEPES, pH 7.9, 0.42 M
NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 2 �g/ml leupep-
tin, 1 mmol/L dithiothreitol, and protease inhibitors) for 30
minutes at 4°C. The suspension was centrifuged at

16,000 � g for 10 to 15 minutes, and supernatant was
used as nuclear extract. Protein was quantified by the
Bio-Rad DC protein assay (Bio-Rad, Hercules, CA). In
selected experiments, cells were preincubated with the
Akt inhibitor triciribine (Calbiochem, Gibbstown, NJ) at 10
�mol/L final concentration for 30 minutes before stimula-
tion with PDGF and preparation of nuclear extracts.
PDGF-BB was from R&D Systems (Minneapolis, MN).

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assays (EMSAs) for AP-1 were
performed with 3 to 5 �g of nuclear extract and 0.5 ng of
32P-labeled oligonucleotide probe in a 20-�l reaction vol-
ume containing 25 mmol/L Tris-HCl, pH 8, 50 mmol/L KCl, 5
mmol/L MgCl2, 0.5 mmol/L EDTA, 8% glycerol, 2 �g of BSA,
and 0.5 �g of poly (dI-dC). The reaction was incubated for
20 minutes at room temperature, and the DNA-protein com-
plexes were resolved on 5% polyacrylamide gels in 0.5�
Tris-borate-EDTA buffer at 4°C. The gels were dried, and
the complexes visualized by autoradiography using a Ty-
phoon Trio Variable Mode phosphorimager (GE Healthcare
Biosciences, Piscataway, NJ). For competition experi-
ments, a 25- to 100-fold molar excess of the cold competitor
oligonucleotide was added simultaneously with the probe.
For supershift experiments, antibodies to phospho-c-jun
(KM-1; sc-822-X), Fra-1 (R-20; sc-605-X), or isotype control
(all from Santa Cruz Biotechnology, Santa Cruz, CA) were
preincubated on ice for 1 hour with nuclear extract, followed
by addition of the other components for 20 minutes at room
temperature. The following oligonucleotides were used in
EMSAs: AP-1 wild-type (wt), containing the consensus AP-1
binding site (in bold) (5�-CGCTTGATGACTCAGCCGGAA-
3�), AP-1 mut containing a mutation (in italics) in the con-
sensus AP-1 site (5�-CGCTTGATGACTTGGCCGGAA-3�),
TM AP-1 wt containing the AP-1 binding site (in bold) from
the TM promoter (5�-GACCCCCTGATTCAGCCTAGG-3�),
and TM AP-1 mut containing a mutation (in italics) in the TM
promoter AP-1 motif (5�-GACCCCCTGATTTGGCCTAGG-3�).

Transcription Factor ELISA

To examine activation of multiple AP-1 subunits concur-
rently, we used a commercially available AP-1 family
Transcription Factor ELISA (Active Motif, Carlsbad, CA).
Nuclear extracts from pBSMC treated without or with
PDGF for 2 hours, in the absence or presence of a
30-minute pretreatment with 10 �mol/L triciribine were
assayed according to the manufacturer’s protocol.

RNA Interference in pBSMC

To target Akt expression in pBSMC, oligonucleotides
specific for each Akt isoform or scrambled control oligo
were designed using the siSearch engine, and specificity
was determined using the National Center for Biotechnol-
ogy Information BLAST tool. Oligos were annealed and
ligated into pSUPER.retro.puro (for oligo targeting Akt1/2)
or pSUPER.retro.neo (for oligo targeting Akt3) vectors
(OligoEngine, Seattle, WA), according to the manufactur-
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er’s protocol. Viral supernatants obtained from transfec-
tion of 293GPG cells with either control vector or vectors
encoding Akt1/2 or Akt3 short hairpin RNAs were used to
infect pBSMC, in the presence of 4 �g/ml polybrene as
described previously.15 Infection was repeated once, af-
ter which cells were placed in selection medium contain-
ing 0.375 �g/ml puromycin and 125 �g/ml G418. Follow-
ing selection and confirmation of Akt knockdown by
immunoblot analysis, pBSMC were subjected to PDGF
treatment as described previously.12 In selected experi-
ments, small interfering RNA (siRNA) oligos targeting
Fra1 and TM were obtained from Dharmacon (Lafayette,
CO) and Santa Cruz Biotechnology, respectively. pBSMC
were nucleofected using an Amaxa IIN nucleofector
(Amaxa, Gaithersburg, MD) with 1 �mol/L nontargeting or
gene-specific siRNA oligos, according to the manufac-
turer’s protocol. Twenty-four hours after nucleofection,
transfected cells were serum depleted in DMEM/0.5%
FBS for 24 to 48 hours before stimulation with PDGF. In
the Transwell migration assay, cells receiving siRNA oli-
gos were cotransfected with pmaxGFP to monitor trans-
fection efficiency. Knockdown of targeted proteins was
confirmed by immunoblot analysis.

Deletion and Mutation Analysis of TM Promoter

To identify regulatory elements within the TM gene, we
amplified a 2.1-kb fragment of the TM promoter or dele-
tion mutants of this fragment by PCR and subcloned them
into the pGL3 luciferase reporter vector (Promega, Mad-
ison, WI) using standard methods. To examine the po-
tential role of an AP-1 site at position �2010 to �2004
relative to the translational start site, we performed site
directed mutagenesis (from TGATTCA to TGATTTG) us-
ing the QuikChange II mutagenesis kit (Stratagene, La
Jolla, CA), according to the manufacturer’s protocol. All
constructs were sequenced before use to verify se-
quence integrity.

Transfection and Luciferase Assays

pBSMC were seeded in 6-cm dishes at a density of 4 �
105 cells/dish and allowed to plate overnight. Cells were
transfected with 4 �g of promoter deletion or pGL3-basic
plasmids per dish with 12 �l of Mirus reagent (Mirus Bio,
Madison, WI). Eight hours later, cells were trypsinized,
counted, and seeded at 105 cells/well in 4 wells of a
6-well plate. Twenty-four hours later, cells were serum
depleted for 24 hours in DMEM/0.5%FBS and then ex-
posed to PDGF for 12 hours. Cells were harvested in
reporter lysis buffer, and luciferase activity was deter-
mined as described previously.14 For a given deletion
construct, a single population of cells transfected with
plasmid was split between dishes receiving vehicle or
those treated with PDGF, thereby circumventing con-
cerns about transfection efficiency between treatment
conditions.

Semiquantitative Real-Time RT-PCR

Total RNA was isolated from cells with TRIzol reagent
(Invitrogen). RNA was reverse transcribed using the
iScript cDNA synthesis reagent (Bio-Rad), and cDNAs
were amplified using gene-specific primers as described
previously.13 The relative abundance of a given transcript
was estimated using the 2���Ct method, following nor-
malization to the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase.

Immunoblot Analysis

Following PDGF treatment, pBSMC were washed twice
with PBS and lysed in 1 X lysis buffer (10 mmol/L Tris-Cl,
pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L
EGTA, 1% Triton X-100, 2.5 mmol/L sodium pyrophos-
phate, 1 mmol/L �-glycerophosphate, 1 mmol/L Na3VO4,
and 1 �g/ml leupeptin) for 15 minutes on ice. Cell lysates
were centrifuged at �16,000 � g for 10 minutes at 4°C to
pellet insoluble material. Supernatants were transferred
to fresh tubes, and protein was quantified using the
MicroBCA Protein assay kit (Pierce Chemical Co., Rockford,
IL). Bladder tissue was snap frozen in liquid nitrogen
following distension, ground to a fine powder using a
pestle and mortar and solubilized in 1� lysis buffer.
Equal amounts of cell lysates were resolved by SDS-
PAGE and electrotransferred to nitrocellulose mem-
branes. Following transfer, membranes were stained with
Ponceau S to confirm equal loading where applicable.
Membranes were blocked with PBS/0.1% Tween 20/10%
nonfat dried milk, rinsed with PBS-T and incubated with
protein-specific primary antibodies overnight at 4°C. Af-
ter washing, membranes were incubated with species-
specific horseradish peroxidase-conjugated secondary
antibodies, and proteins were visualized following incu-
bation with SuperSignal WestPico chemiluminescence
reagent (Pierce Chemical Co.) and exposure of mem-
branes to X-ray film. Quantification of band intensity was
performed using Adobe Photoshop software.

Indirect Immunofluorescence Imaging of
pBSMC

For imaging experiments, pBSMC were seeded on cov-
erslips at 105 cells/well in 6-well tissue culture dishes.
Cells were serum depleted in DMEM/0.5% FBS for 24
hours before stimulation with PDGF for 8 hours. To inhibit
the PDGFR, cells were preincubated with 10 �mol/L
PDGFR inhibitor (Calbiochem) for 30 minutes before
growth factor treatment. Following incubation, cells were
fixed in 4% paraformaldehyde in PBS for 10 minutes,
followed by 2 � 5-minute washes with PBS. Nonspecific
binding sites were blocked in PBS/5% BSA/0.2% Triton
X-100 for 1 hour at room temperature. Coverslips were
incubated with TM monoclonal antibody (D3 (sc-13164);
Santa Cruz Biotechnology) at a dilution of 1/50 in PBS/5%
BSA/0.2% Triton X-100 overnight at 4°C. Coverslips were
washed four times with PBS for 10 minutes before addi-
tion of Cy3-conjugated goat anti-mouse secondary anti-
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body (1/250) for 1 hour at room temperature. Coverslips
were washed four times with PBS for 10 minutes and then
mounted in Vectashield medium containing DAPI (Vector
Laboratories, Burlingame, CA). Cells were visualized us-
ing an Axioplan-2 microscope (Carl Zeiss MicroImaging,
Thornwood, NY).

Ex Vivo Rat Bladder Distension

An ex vivo model of bladder injury was used as described
previously.10,13,16 Briefly, 45-day-old-female rats were
anesthetized with isoflurane inhalation. A low midline in-
cision was made to expose the bladder. The urethra was
catheterized, and the ureters were ligated before bladder
distension with serum-free DMEM to 40- or 70-cm water
pressure using a gravity manometer. The bladder neck
was isolated, tightened with a 4–0 silk suture, and the
organ excised and placed in a 50-ml tube containing
serum-free DMEM. Specimens were maintained in cul-
ture for different times at 37°C in a humidified 5% CO2/
95% air atmosphere incubator. Catheterized, nondis-
tended bladders (ie, sham-operated specimens) were
harvested and incubated in parallel with the distended
specimens as controls. All animal experiments were per-
formed in compliance with the Animal Care and Use
Committee at Children’s Hospital Boston.

Immunostaining of Rat Bladder Tissue Sections

Sham and distended rat bladders were fixed in 10%
neutral buffered formalin at room temperature for 48
hours, rinsed with PBS, dehydrated in ethanol, and em-
bedded in paraffin. Sections of 8-�m thickness were
obtained with microtome and mounted on glass slides.
For immunohistochemical staining, tissue sections were
deparaffinized in xylene, rehydrated through graded eth-
anols and equilibrated in PBS for 10 minutes. Quenching
of endogenous peroxidase activity was achieved by in-
cubation for 30 minutes at room temperature in peroxi-
dase block (DakoCytomation, Carpinteria, CA). Sections
were washed and blocked in 1% bovine serum albumin
(BSA) for 30 minutes. TM antibody (at 1/50 dilution) was
prepared in 1% BSA and added to sections for 90 min-
utes at room temperature in a moist chamber. Slides were
washed four times with PBS for 6 minutes before addition
of horseradish peroxidase-conjugated anti-mouse second-
ary antibody (1/500) for an additional 30 minutes at room
temperature in a moist chamber. Slides were washed four
times with PBS for 6 minutes and signals developed with a
NovaRed kit (Vector Laboratories, Burlingame, CA). Sec-
tions were counterstained with hematoxylin, dehydrated,
and mounted using Permount. Sections were visualized
using a Zeiss Axioplan-2 fluorescence microscope (Carl
Zeiss MicroImaging).

Wound Healing Assay

Confluent monolayers of pBSMC nucleofected with either
1 �mol/L nontargeting control siRNA or siRNAs to Fra1 or
TM were “wounded” by creating a scratch across the cell

layer with a sterile pipette tip, following serum depletion
for 24 to 36 hours. Migration of cells into the wound in
response to vehicle or 30 ng/ml PDGF was monitored
visually over 8 hours.

Migration Assay

Serum-depleted pBSMC (1 � 106) were nucleofected
with 1 �mol/L nontargeting siRNA (Dharmacon) or TM-
targeting siRNA (Santa Cruz Biotechnology) and 1 �g of
pmaxGFP (Amaxa) to allow for visualization of cells. Ap-
proximately 1.6 � 105 cells were seeded in each of four
Transwell FluoroBlok inserts containing 200 �l of DMEM/
0.5% FBS, and Transwells were placed in the corre-
sponding wells of a companion plate containing 1 ml/well
DMEM/0.5% FBS with or without 30 ng/ml PDGF. The
remaining cells were seeded in 2 wells of a 6-well plate
for confirmation of transfection efficiency and knock-
down. Twenty-four hours after seeding, Transwell inserts
were rinsed three times with PBS for 5 minutes each and
then transferred to a glass-bottomed 24-well black plate
(Greiner, Monroe, NC) for measurement. Green fluores-
cent protein (GFP) fluorescence signal was measured
using a FLUOstar Omega microplate reader (BMG
LabTech, Durham, NC) using the bottom optic, with ex-
citation and emission wavelengths of 485 and 520 nm
respectively.

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation (ChIP) was performed us-
ing the ChIP-IT Express kit from Active Motif. Briefly, pBSMC
from three confluent 15-cm dishes (�5 � 106 cells/dish)
treated for 2 hours with vehicle or 30 ng/ml PDGF were
cross-linked with formaldehyde. Chromatin was harvested,
sheared by sonication into fragment sizes from 0.2 to 1 kb,
and immunoprecipitated overnight at 4°C with protein G
magnetic beads and 4 �g each of phospho-c-jun antibody
(KM-1, sc-822-X; Santa Cruz Biotechnology) or control IgG
(The Jackson Laboratory, Bar Harbor, ME). The beads were
washed, chromatin was eluted, cross-links were reversed,
and DNA was purified according to the manufacturer’s in-
structions. Enrichment of transcription factor binding on
PDGF treatment was assessed by real-time PCR, using
primers that amplified a 144-bp region in the TM promoter
spanning the AP-1 binding site. Binding to a 175-bp region
in the TM coding region was used as a control. Fold
changes (PDGF treatment over vehicle) are depicted rela-
tive to signal obtained from immunoprecipitation with con-
trol IgG under identical conditions. Primer sequences are as
follows: promoter region, 5�-GGCTGTGCACCGGAGT-
CACG-3� (forward); 5�-ACACAGCTGCGCCTCCCCTG-3�
(reverse); and coding region, 5�-GCTCCTCTGCCACCT-
GCGCA-3� (forward); 5�-AGGAGGCACAGGCTCCT-
GGA-3� (reverse).

Statistical Analysis

Where appropriate, comparisons between experimental
groups were performed using Student’s t-test. P values
are indicated in figure legends.
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Results

Activation of the PDGFR ex Vivo and in Vitro
Induces TM Expression in Bladder SMC

Our previous work demonstrated activation of similar in-
tracellular signaling cascades in pBSMC exposed to cy-
clic stretch relaxation or PDGF treatment.12 In addition,
stretch-sensitive genes in pBSMC were also found to be
PDGF responsive.13 Published reports have suggested
that mechanical stimuli can activate the PDGFR in vas-
cular SMC in vitro. However, direct activation of the
PDGFR has not been reported in intact tissue. To deter-
mine whether the PDGFR signaling axis was activated in
the bladder wall, we used a rat model of bladder injury,
as described previously.10,13,16 Briefly, bladders were
distended ex vivo to 40- or 70-cm water pressure for

different times, and extracts were immunoblotted with
anti-phospho-PDGFR�(Tyr849)/PDGFR�(Tyr857) antibody;
phosphorylation at these sites in the � and � PDGFRs is
known to be required for full kinase activation.17 As
shown in Figure 1A, distension led to a rapid increase
(within 15 minutes) in PDGFR phosphorylation in bladder
tissue compared with control (sham), which declined to
baseline by 8 hours, consistent with direct activation of
the PDGFR by mechanical stimulation. In addition, we
also demonstrated an increase in Akt phosphorylation in
bladder tissue exposed to distension (Figure 1B), consis-
tent with previous data from us showing that both cyclic
stretch and ligand-mediated PDGFR activation activate
the PI3K/Akt pathway.12 To determine the consequences
of Akt signaling in bladder smooth muscle, we next de-
termined the effect of perturbing this pathway on expres-

Figure 1. Activation of the PDGFR ex vivo and
in vitro induces TM expression in bladder SMC.
A: Rat bladders were hydrodistended to 40- or
70-cm water pressure for the indicated times to
promote injury. Nondistended bladders from
sham-operated rats served as controls. Lysates
from nondistended sham bladders (S) and dis-
tended organs (D) were immunoblotted with
antibodies to total and phosphorylated (acti-
vated) PDGFR�/� or glyceraldehyde-3-phos-
phate dehydrogenase. Tissues showed a rapid
and transient phosphorylation of the PDGFR by
15 minutes following distension (compare 40-
and 70-cm distension conditions at 15 minutes
with nondistended controls). PDGFR activation
disappeared by eight hours. No corresponding
change in total PDGFR levels was observed with
time. The values represent quantification of the
increase in PDGFR phosphorylation. B: Lysates
from rat bladders hydrodistended as in A for the
indicated times were immunoblotted with anti-
bodies to Akt1, Akt2, Akt3, Akt phosphorylated
at Ser473 or Thr308, and glyceraldehyde-3-phos-
phate dehydrogenase. The data indicate a time-
dependent increase in Akt phosphorylation with
bladder distension. The values represent quan-
tification of the increase in Akt phosphorylation
at S473 and T308. C: Populations of pBSMC
infected with retroviruses expressing shRNAs
against Akt1, Akt2, and Akt3 (black bars) or
control nontargeting shRNA (gray bars) were
exposed to PDGF treatment for four hours and
changes in gene expression assessed by real-
time RT-PCR analysis. The graph shows fold
change in expression of the indicated genes with
PDGF relative to vehicle control. Data represent
the mean � SD of two independent trials, in
which samples were assayed in duplicate.
Knockdown of Akt ablated PDGF-induced TM
expression (P � 0.01), whereas expression of
other genes such as LIF, BMP2, and fibroblast
growth factor-9 (FGF-9) was not significantly
changed by Akt knockdown. The panel on the
right shows immunoblot analysis confirming
specificity of Akt knockdown in stable popula-
tions of pBSMC following infection with retrovi-
ruses individually targeting the three Akt iso-
forms. The extent of knockdown is presented as
signal remaining for each Akt isoform relative to
nontargeting control. D: Sections from rat blad-
ders distended ex vivo for eight hours to 40- or
70-cm water pressure were stained sequentially
with anti-TM primary antibody and horseradish
peroxidase-conjugated species-specific secondary
antibody. Increased TM staining was evident in the
detrusor smooth muscle of distended specimens
but not of nondistended, sham-operated control
bladders. Data are representative of three indepen-
dent experiments. Scale bar � 100 �m.
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sion of a subset of PDGF-sensitive genes in pBSMC as
described previously.13 Knockdown of all three Akt iso-
forms in pBSMC using a short hairpin RNA approach
abrogated the PDGF-stimulated increase in TM mRNA
(*P � 0.01) (Figure 1C) but did not alter expression of
other PDGF-responsive genes such as leukemia-inhibi-
tory factor (LIF), bone morphogenetic protein-2 (BMP2),
or fibroblast growth factor-9. In view of our in vitro obser-
vations in pBSMC, we then determined whether TM was
also induced following PDGFR activation in tissue and
demonstrated that ex vivo bladder distension led to ro-
bust induction of TM expression in the detrusor smooth
muscle compared with sham-operated controls (Figure
1D). Taken together, these observations suggest that wall
stretch in the intact bladder can directly stimulate signal-
ing through the PDGFR and that PDGFR activation leads
to increased TM expression in tissue and in pBSMC.

PDGF-Stimulated Akt Activation Mediates TM
Expression in pBSMC

To further investigate PDGF-stimulated TM expression in
vitro, we first performed a kinetic experiment, in which
pBSMC exposed to PDGF were harvested for immuno-
blot analysis. As shown in Figure 2A, TM expression was
evident within 4 hours after growth factor treatment,
reached a peak of expression at 8 hours and declined to
�50% of peak level by 24 hours. Consistent with previous
observations, Akt was robustly phosphorylated following
exposure to PDGF, peaking at 2 hours and decreasing in
a time-dependent manner up to 24 hours. Pretreatment
of pBSMC with a pharmacological inhibitor of intrinsic
PDGFR kinase activity abolished both the PDGF-stimulated
increase in TM protein levels as well as PDGF-induced Akt
phosphorylation (Figure 2B and Supplemental Figure 1, see
http://ajp.amjpathol.org). We also performed additional ex-
periments to confirm the role of Akt in TM regulation in
pBSMC. Treatment of cells with LY294002, the well-char-
acterized inhibitor of PI3K-dependent Akt activation, at-
tenuated PDGF-stimulated TM protein levels in pBSMC
(Figure 2C). In addition, to determine which Akt isoform
was the dominant regulator of TM expression, pBSMC
nucleofected with nontargeting control siRNA or siRNAs
to Akt1, Akt2, Akt3 or all three together were treated
without or with PDGF for 8 hours and assayed for both
mRNA and protein expression. As shown in Figure 2D,
silencing of either Akt1 or all three Akts completely sup-
pressed PDGF-stimulated TM mRNA expression in
pBSMC (*, **P � 0.01; upper panel) but did not signifi-
cantly diminish PDGF-stimulated LIF or BMP2 mRNA lev-
els, consistent with the data in Figure 1C. Immunoblot
analysis confirmed the role of Akt1 as the principal iso-
form regulating TM expression (Figure 2D, lower panel).
Thus, in both cases, knockdown of Akt1 alone was suffi-
cient to significantly attenuate PDGF-induced TM mRNA
and protein expression in pBSMC. Taken together, these
observations identify Akt1 as a dominant regulator of
PDGF-stimulated TM expression in pBSMC.

PDGF Selectively Activates Fra Components of
the AP-1 Transcription Factor Family

Our previous microarray analysis of pBSMC revealed an
overrepresentation of putative binding sites for the AP-1
transcription factor in the promoters of stretch- and
PDGF-stimulated genes.13 AP-1 is a dimer made up of

Figure 2. Expression of TM in pBSMC is regulated by a PDGFR/Akt
pathway. A: Lysates of quiescent pBSMC stimulated with PDGF for the
indicated times were resolved by SDS-PAGE and immunoblotted with the
indicated antibodies. The values represent quantification of PDGF-induced
TM levels and of pAkt levels normalized to total Akt at the indicated times. In
each case the maximum signal was set to a value of one, and the intensity of
other signals was determined relative to this reference. B: pBSMC pretreated
with vehicle (dimethyl sulfoxide) or 10 �mol/L PDGFR inhibitor (PDGFRi)
for 30 minutes were stimulated without (�) or with (	) 30 ng/ml PDGF for
the indicated times. Lysates were resolved by SDS-PAGE and immunoblotted
with the indicated antibodies. Rapid activation (phosphorylation) of the
PDGFR and Akt was observed at 15 minutes, with activation attenuated by
eight hours. TM protein expression was detected at 8 hours. The PDGF-
induced increase in TM levels, as well as PDGFR and Akt activation, was
abolished by PDGFR inhibition but not with vehicle alone (dimethyl sulfox-
ide). C: Lysates of pBSMC treated without (�) or with (	) 30 ng/ml PDGF for
the indicated times following 30 minutes pretreatment with vehicle (dimethyl
sulfoxide) or 10 �mol/L LY294002, were resolved by SDS-PAGE and immu-
noblotted with the indicated antibodies. PDGF-induced phosphorylation of
Akt and induction of TM protein expression was attenuated at all time-points
by LY294002, whereas total Akt levels were unchanged. The values represent
quantification of PDGF-induced TM levels at eight and 24 hours, and of pAkt
levels (normalized to total Akt) at 15 minutes, 8 hours, and 24 hours in the
absence and presence of LY294002. As for A, the maximum signal was set to
a value of 1, and the intensity of other signals was determined relative to this
reference. A long exposure for phospho-Akt is included to illustrate presence
of signal at the 8- and 24-hour time points in cells treated with PDGF,
consistent with the data in Figure 2, A and B. D: Upper panel, Total RNA
isolated from pBSMC nucleofected with nontargeting siRNA duplexes or
duplexes against Akt1, Akt2, Akt3, or all three Akt isoforms together, and
treated without or with PDGF for eight hours was reverse transcribed to
cDNA and amplified with primers for TM, LIF, BMP2, or glyceraldehyde-3-
phosphate dehydrogenase. Data are presented as mean fold change in gene
expression with PDGF treatment compared with nontreated controls. Only
the reduction in TM expression was statistically significant with Akt knock-
down (*P � 0.01 relative to siCtrl), with LIF and BMP2 showing little or no
change with Akt silencing. Lower panel: Lysates from pBSMC nucleofected
with siRNAs to Akt1, Akt2, Akt3 individually or combined, or nontargeting
control siRNA were resolved by SDS-PAGE and immunoblotted with the
indicated antibodies. The values represent quantification of the change in
PDGF-induced TM levels following Akt isoform knockdown.
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members of the Jun (c-jun, JunB, and JunD) and Fos
families (c-fos, FosB, �FosB, Fra1, and Fra2) and medi-
ates a range of cellular activities such as growth, differ-
entiation, and apoptosis in a context-dependent man-
ner.18 To determine the extent of activation of AP-1 in
pBSMC downstream of PDGFR activation, cells were ex-

posed to PDGF treatment for 2 hours, and AP-1 DNA
binding activity was assessed using a transcription factor
ELISA. As shown in Figure 3A, AP-1 was robustly induced
by PDGF, with increased binding of c-jun, JunB, c-fos,
Fra1, and Fra2. Having demonstrated that PDGF-induced
TM expression was sensitive to both pharmacological
and genetic silencing of Akt, we proceeded to verify
whether PDGF-induced AP-1 activation was also regu-
lated by Akt. Quiescent pBSMC were pretreated for 30
minutes with 10 �mol/L triciribine or vehicle (dimethyl
sulfoxide), followed by stimulation with PDGF for 2 hours.
The DNA-binding activity of c-jun, Fos, and Fra1 was
determined by AP-1 ELISA. Interestingly, although the
DNA-binding activity of c-fos in response to PDGF was
unaltered in Akt-inhibited cells, c-jun and Fra1 activa-
tion was abolished (Figure 3B). Similar findings were
observed in cells treated with the PI3K inhibitor
LY294002 (data not shown). These observations sug-
gest that Akt regulates AP-1 through selective induc-
tion of c-jun and Fra1.

To verify the ELISA data and confirm the role of AP-1 in
PDGF-mediated cell signaling, we performed EMSAs in
conjunction with supershift analyses to evaluate AP-1
binding using an oligonucleotide probe containing a con-
sensus AP-1 site. Consistent with our observations from
the AP-1 ELISA, we confirmed the presence of phospho-
c-jun and Fra1 within the AP-1-DNA complex (Figures 4,
A and B) by antibody supershift analyses. In competition
analyses, the AP-1-DNA complex observed in nuclear
extracts from PDGF-treated pBSMC was competed out
with increasing amounts of unlabeled wt consensus AP-1
oligos but not with a mutated version of the oligo (Figure
4C), thereby confirming specificity of the interaction.

PDGF Up-Regulates TM Gene Expression via
AP-1 Binding to the TM Promoter

We further investigated the mechanism of PDGF-medi-
ated TM gene activation by evaluating a series of pro-
moter-deletion luciferase reporter constructs for re-
sponsiveness to PDGF. Sequential deletions of the TM
promoter, from 695- to �2.1-kb upstream, relative to the

Figure 3. PDGF activates select members of the AP-1 family of transcription
factors. A: Nuclear extracts from pBSMC treated with 30 ng/ml PDGF or
vehicle for two hours were assayed using a transcription factor ELISA to
determine DNA-binding activity of AP-1 proteins. The graph shows AP-1
binding expressed as a percentage of control for each of 7 AP-1 subunits and
data are representative of at least two independent experiments, each per-
formed in duplicate. Increased binding of c-jun, JunB, Fos, Fra1, and Fra2
proteins to a consensus AP-1 oligonucleotide was observed in PDGF-treated
cells (black bar) relative to controls (gray bar). JunD and FosB binding was
unaffected by PDGF stimulation. B: Nuclear extracts from pBSMC pretreated
for 30 minutes without (gray, black bar) or with (stippled, striped bar) 10
�mol/L triciribine followed by vehicle (gray, striped bar) or PDGF (black bar,
stippled) for two hours were assayed as in (A). The graph shows AP-1
binding expressed as a percentage of control (vehicle or triciribine alone
control). Data are representative of two independent trials. Inhibition of Akt
ablated PDGF-induced DNA binding of c-jun and Fra1 but not Fos (compare
stippled and black bar).

Figure 4. EMSAs detailing AP-1 activation in
pBSMC on treatment with PDGF. Nuclear ex-
tracts prepared from control or PDGF-treated
pBSMC were used in an EMSA and assessed for
binding to a radiolabeled oligonucleotide carry-
ing a consensus AP-1 binding sequence motif.
Increased AP-1-DNA complex formation was de-
tected in PDGF-treated pBSMC (A, compare
lanes 2 and 5), and the complex was super-
shifted (SS) in the presence of antibody to (A)
phospho-c-jun (lanes 4 and 7) or (B) Fra1
(lanes 3 and 5). An isotype-matched IgG control
(A, lanes 3 and 6) did not affect mobility of the
AP-1-containing complex. C: The PDGF-stimu-
lated AP-1-DNA complex in pBSMC nuclear ex-
tracts (lane 2) was specifically competed out by
increasing concentrations (25-, 50 -,and 100-fold
molar excess) of unlabeled wt AP-1 consensus
oligonucleotide (lanes 3–5) but not by an oli-
gonucleotide carrying a mutation in the AP-1
binding motif (lanes 6–8). NS, nonspecific; FP,
free (unbound) probe.
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translational start site, were used to evaluate sensitivity of
the promoter to PDGF in pBSMC. The �2.1-kb promoter
region was found to show the greatest PDGF-mediated
increase in reporter gene expression versus untreated
control (Figure 5A). Furthermore, deletion of a short
(�160 bp) region significantly reduced PDGF-stimulated
promoter activity (*P � 0.02), consistent with the pres-
ence of PDGF-responsive elements within this stretch of
sequence. Although we observed an increase in PDGF-
induced luciferase activity with progressive deletion, the
activation was less than that observed with the �2.1-kb
promoter construct and did not differ significantly be-
tween successive deletions. Informatics analysis of the
�160-bp region between the �1.94- and �2.1-kb pro-
moter sequences to identify transcription factor binding
sites revealed a putative AP-1 binding element at �2010/
�2004 (Figure 5A). Having shown earlier that PDGF ac-
tivates AP-1—specifically c-jun and Fra1—we proceeded
to explore the potential role of these components in bind-
ing to and activating the TM promoter. We used oligonu-
cleotide probes encompassing the AP-1 binding site at
�2010/�2004 (wt) in EMSAs and observed a specific
complex that was competed out by an excess of homol-
ogous unlabeled competitor (wt) but not by an oligonu-
cleotide carrying a point mutation in the AP-1 motif (Mut)
(Figure 5B). Addition of either phospho-c-jun or Fra1
antibody to the binding reaction substantially immunode-
pleted AP-1-DNA complex formation (Figure 5C), consis-
tent with the presence of c-jun and Fra1 in the complex.
We went on to show binding of AP-1 to this site in vivo by
carrying out a ChIP assay. Recruitment of phospho-c-Jun
to the AP-1 motif on the TM promoter was enhanced on
PDGF treatment, relative to control IgG binding (Figure
5D). No corresponding increase in DNA binding was
observed at a site �4 kb downstream, within the coding
region of the gene. We also determined the functional
significance of the AP-1 motif at �2010/�2004 by site-
directed mutagenesis. As shown in Figure 5E, although
PDGF significantly increased activity of the wt TM 2.1kb
promoter-reporter construct (P � 0.01) point mutation of
the AP-1 site abolished PDGF-responsiveness of the con-
struct, thus establishing the requirement for AP-1 DNA
binding to elicit the increase in TM gene expression by
PDGF. Together these findings implicate c-jun and Fra1
as the principal components of AP-1 associated with the
DNA binding motif at �2010/�2004 in the TM promoter.

Fra1 Mediates PDGF-Induced Cell Growth and
TM Expression

Our results so far demonstrate an increase in c-jun and
Fra1 activity as well as TM protein expression in response
to PDGF treatment in pBSMC. TF ELISA (Figure 3), mea-
surement of AP-1 DNA-binding activity by EMSA (Figures
4 and 5B), ChIP assay (Figure 5D), and promoter-re-
porter analyses (Figure 5, A and E) implicated c-jun and
Fra1 as the major AP-1 components involved in TM gene
regulation. However, to directly test the requirement for
AP-1 in PDGF-mediated TM gene regulation, we targeted
Fra1 protein expression using a knockdown approach

Figure 5. An AP-1 binding site in the TM gene promoter mediates its
activation by PDGF. A: Promoter-deletion luciferase constructs, comprising
up to 2.1-kb sequence upstream of the TM gene, were transiently expressed
in pBSMC and evaluated for their response to PDGF. The graph shows
luciferase activity in extracts from PDGF-treated cells expressed as fold
change relative to vehicle-treated controls. Data are representative of at least
two independent experiments. Deletion of a region from �2.1 to �1.94 kb
upstream of the translational start site caused a significant reduction in
reporter gene expression following PDGF treatment (*P � 0.02), whereas
further promoter deletion did not alter activity significantly. Binding sites for
other transcription factors (Ets, Sp1, and DR4) that have been implicated
previously in TM gene regulation are also represented. A putative AP-1
binding site present in the �2.1/�1.94 kb region is indicated. The sequence
of the AP-1 site (Wt) present in the PDGF-responsive region of the TM
promoter, along with mutation of this sequence (Mut), used in EMSAs and
reporter gene analyses, is also shown. B: Nuclear extracts prepared from
control or PDGF-treated pBSMC were used in an EMSA and assessed for
binding to a radiolabeled oligonucleotide carrying the putative AP-1 binding
motif at �2010/�2004 in the TM promoter. An increase in intensity of the
AP-1 complex was detected on PDGF treatment relative to control (compare
lanes 2 and 5). The complex was specifically competed out by a 25-fold
molar excess of the unlabeled wt oligonucleotide (WT; lanes 3 and 6) but
not by the mutant oligonucleotide (Mut; lanes 4 and 7). C: c-jun and Fra1
bind to the TM AP-1 site. The EMSA showed that the AP-1 DNA-protein
complex in control (lane 2) or PDGF-treated nuclear extracts (lane 7) was
specifically immunodepleted using antibodies against c-jun (lanes 3 and 8)
and Fra1 (lanes 5 and 10) but not by normal IgG controls (lanes 4, 6, 9, and
11). NS, non-specific; FP, free (unbound) probe. D: AP-1 binds to the TM
gene promoter in vivo. ChIP assay followed by real-time PCR shows binding
of phospho-c-Jun to the AP-1 site present in the �2.1/�1.94-kb region
(promoter) or to the coding region (gene) �4 kb downstream of the AP-1
site. Binding efficiency is depicted relative to control IgG binding. Values are
expressed as fold change of PDGF-treated samples relative to untreated
controls. E: TM-luc reporter constructs with the �2.1 kb upstream promoter
region carrying either the wt or mutated (MutAP-1) AP-1 site were transiently
expressed in pBSMC, which were subsequently treated without (gray bar) or
with (black bar) 30 ng/ml PDGF. The graph shows fold change in reporter
activity with PDGF relative to control and the values represent the mean �
SD of three independent experiments. The WT construct showed a signifi-
cant increase in luciferase expression on PDGF treatment relative to control
(*P � 0.01) that was abolished on mutation of the AP-1 site (P � 0.703).
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and evaluated its effect on TM mRNA and protein induc-
tion in response to PDGF treatment. We chose to target
Fra1 as opposed to c-jun in these experiments for the
following reason. We were intrigued by the activation of
Fra1 by PDGF because, unlike c-jun and c-fos, it was not
activated on treatment of pBSMC with another activator of
PI3K/Akt, namely cyclic stretch relaxation (A. Ramachan-
dran and R.M. Adam, unpublished observations). Thus,
in contrast to c-jun and c-fos, the increase in Fra1 activity
appeared selective for PDGF and suggested that activa-
tion of Fra1 was required for PDGF-induced TM expres-
sion. Quiescent pBSMC were transfected with Fra1
siRNA or nontargeting control (Ctrl) siRNA, treated with

30 ng/ml PDGF or vehicle, and evaluated for induction of
TM mRNA and protein, and other proteins. As shown in
Figure 6A, in cells nucleofected with control siRNA, PDGF
significantly induced TM mRNA (P � 0.01), whereas Fra1
knockdown significantly attenuated the induction of TM
mRNA by PDGF, strongly suggesting that Fra1 induction
by PDGF is required for subsequent TM gene activation.
PDGF is a classic SMC mitogen: thus, we reasoned that
the activation of Fra1 and TM by PDGF may play a role in
PDGF-induced DNA synthesis and cell division. To this
end, we examined known markers of cell proliferation in
PDGF-stimulated pBSMC that were transfected with
siRNAs targeting Fra1 or TM. Consistent with the effect on
TM mRNA levels, Fra1 knockdown abolished TM protein
expression and also led to a decrease in proliferating cell
nuclear antigen (PCNA, a marker of DNA replication) and
histone H3 phosphorylation (a marker of chromosome
segregation during mitosis) (Figure 6B). However, TM
knockdown did not affect PDGF-induced up-regulation of
PCNA or phospho-histone H3 (p-H3) proteins (Figure
6B), suggesting that TM does not regulate cell cycle
transit in pBSMC. To confirm the effects of TM and Fra1
knockdown on proliferation, we assessed pBSMC bio-
mass for up to 6 days following nucleofection with control,
TM, or Fra1 siRNAs. As shown in Figure 6C, knockdown
of Fra1, but not TM, led to a statistically significant reduc-
tion in cell number at days 2 to 6 (P � 0.05), in agreement
with the immunoblot data in Figure 6B. Fra1 silencing, but
not TM knockdown, also attenuated the PDGF-stimulated
increase in pBSMC biomass (data not shown).

The apparent dichotomy between Fra1 and TM in reg-
ulating growth in cells exposed to PDGF suggested that
TM participates in PDGF-induced cell behaviors distinct
from cell growth. Because PDGF is known to stimulate

Figure 6. Fra1 mediates the PDGF-induced activation of TM. A: Real-time
RT-PCR of TM mRNA in pBSMC following nucleofection with either nontar-
geting control siRNA (Ctrl, gray bar) or siRNA targeting Fra1 (black bar), and
treatment of serum-depleted cells with vehicle (�) or 30 ng/ml PDGF (	) for
2 hours. The graph shows fold increase in TM mRNA with PDGF treatment
relative to control; data are the average of two independent experiments
assayed in duplicate. TM mRNA was increased �5-fold on PDGF treatment
(	) for two hours relative to untreated cells (�) in the Ctrl siRNA condition
(P � 0.009). Knockdown of Fra1 decreased the PDGF-mediated induction of
TM mRNA levels, such that the effect of PDGF was no longer significant (P �
0.28). An immunoblot showing Fra1 protein levels in pBSMC 48 hours after
nucleofection of control or Fra1 siRNA, and subsequent treatment with 30
ng/ml PDGF for two hours is shown below the graph. Lysate from HEK293
cells transfected with a Fra1 expression construct was used as a positive
control (Pos.) to verify the position of the Fra1 protein on the blot. B: Fra1
knockdown in pBSMC ablates the PDGF-mediated increase in TM protein as
well as markers of cell proliferation. Twenty-four hours after nucleofection of
pBSMC with control, Fra1- or TM-targeting siRNAs, cells were serum depleted
for 24 hours, and subsequently treated with 30 ng/ml PDGF or vehicle for 48
hours. PDGF caused a robust increase in TM, p-H3, and PCNA levels in the
control siRNA-transfected cells. The PDGF-stimulated increase in TM expres-
sion was significantly reduced by both Fra1 and TM knockdown. Fra1
knockdown also attenuated the PDGF-induced increase in p-H3 and PCNA
levels, whereas cells in which TM was knocked down showed no apprecia-
ble change in p-H3 or PCNA up-regulation in response to PDGF. The values
represent quantification of the change in PDGF-induced TM, p-H3, and
PCNA levels with Fra1 or TM silencing relative to the nontargeted control. C:
The effect of Fra1 or TM knockdown on pBSMC proliferation was determined
over time using the crystal violet biomass assay. pBSMC nucleofected with
siRNA duplexes against Fra1 or TM or with nontargeting siRNA were assayed
for up to six days. Data are presented as absorbance expressed as a percent-
age of control (absorbance at the start of the experiment) and represent
mean � SD of six replicates. Fra1 knockdown led to reduced biomass at days
2–6 (*P � 0.05, siFra1 relative to siCtrl).
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cell migration in addition to cell division, we investigated
the role of TM in influencing PDGF-induced migratory
activity of SMC using two independent approaches. First,
confluent monolayers of pBSMC transiently transfected
with either nontargeting control siRNA or siRNAs to Fra1
or TM were “wounded” by creating a scratch across the
cell layer, and the ability of cells to fill the wound in
response to vehicle or PDGF was monitored over time. As
shown in Figure 7A, PDGF treatment promoted cell mi-
gration into the wound in cells transfected with control
siRNA but not Fra1 or TM siRNA. To verify the effect of TM
on migration observed in the scratch assay, pBSMC tran-
siently nucleofected with a GFP expression vector and
either TM siRNA or nontargeting control siRNA were
seeded in Transwell chambers and placed in a 24-well
culture plate of a modified Boyden chamber migration
assay system. PDGF or vehicle was added to the medium
in the bottom wells to induce migration that was subse-
quently detected by assaying for GFP fluorescence. A
Fluoroblok insert in the membrane blocked GFP signal
from nonmigrated cells present on the upper side of the
membrane. After 24 hours of PDGF treatment, we ob-
served a distinct increase in migration compared with
nontreated controls (P � 0.05). Significantly, we ob-
served that cell migration in response to PDGF treatment
was significantly attenuated in cells with diminished TM
levels (*P � 0.05) (Figure 7B). A heat map of two inde-
pendent experiments is shown (Figure 7C), visually illus-
trating the reduction in PDGF-stimulated migration in
cells transfected with TM siRNA. To our knowledge, this is
the first direct demonstration of a role for endogenous TM
in influencing cell migration.

Discussion

In this study, we describe the mapping of a novel PDGF-
dependent signaling mechanism in bladder SMC that
results in enhanced expression of TM via an Akt- and
AP-1-dependent pathway. We also provide evidence to
support a functional role for TM in smooth muscle remod-
eling. The evidence supporting our conclusions is as
follows: i) ex vivo bladder distension induced activation of
the PDGFR and TM expression in the detrusor smooth
muscle; ii) knockdown of Akt in pBSMC by RNA interfer-
ence or pharmacological inhibition attenuated PDGF-
stimulated TM expression, with Akt1 identified as the
dominant TM-regulating Akt isoform; iii) PDGF treatment
of pBSMC activates a select subset of AP-1 family pro-
teins, of which Fra1 is essential for PDGF-induced up-
regulation of TM; iv) PDGF regulates TM transcription
through binding of c-jun and Fra1 to a novel AP-1 motif at
�2010/�2004 in the TM promoter; and v) knockdown of
TM in pBSMC attenuates PDGF-induced migration, a
hallmark of pathological remodeling. These findings are
summarized in schematic form in Figure 8.

Although numerous studies have described the down-
stream targets of PDGF that effect phenotypic modulation
of smooth muscle in vascular smooth muscle (reviewed in
Ref. 19), there is a dearth of knowledge regarding PDGF-
stimulated mechanisms of remodeling in visceral smooth

Figure 7. TM regulates PDGF-induced cell migration. A: pBSMC were trans-
fected with control nontargeting, Fra1, or TM siRNAs and allowed to grow to
confluence. The cells were serum depleted for 24 hours and a scratch was made
in the confluent monolayer, followed by addition of 30 ng/ml PDGF (or vehicle
alone) for 8 hours. Migration of cells into the wound caused by the scratch was
monitored by phase contrast imaging. The data are representative of three
independent trials. B: pBSMC cotransfected with a GFP-expressing plasmid and
either control or TM siRNA were used in a modified Boyden Transwell chamber
migration assay, as described in Materials and Methods. The GFP signal from
cells that migrated through to the bottom of the Transwell membrane was
evaluated under conditions of control or PDGF treatment. The graph shows the
average GFP signal of migrated cells in control siRNA (gray bar) or TM siRNA
(black bar) conditions, in the absence (�) or presence (	) of PDGF. Data are
representative of four independent experiments. The PDGF-stimulated increase
in pBSMC migration was significantly attenuated in cells in which TM was
silenced (*P � 0.024, siTM 	 PDGF relative to siCtrl 	 PDGF). C: Heat map of
a 24-well plate shows an increase in GFP signal from migrated cells (red) in
response to PDGF in pBSMC nucleofected with control but not with TM siRNA.
Two independent experiments, each performed in duplicate, are shown.
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muscle, such as that which makes up the bladder wall.
Previous reports have described increases in PDGF li-
gand and receptor levels in mechanically stimulated tis-
sues, as well as increased PDGFR phosphorylation in
SMC exposed to mechanical stimuli in vitro. Wilson et al20

reported an increase in PDGFs AA and BB production by
neonatal rat vascular SMC subjected to mechanical
strain in vitro and proceeded to demonstrate autocrine
stimulation of DNA synthesis by secreted PDGF. In con-
trast, Hu et al9 observed rapid phosphorylation of the
PDGFR in VSMC subjected to cyclic stretch in vitro that
could not be blocked by PDGF-neutralizing antibody and
concluded that PDGFR activation occurred in a ligand-
independent manner. Increased PDGFR mRNA levels
were observed in the arteries of rats with arterial disten-
sion as a result of pulmonary hypertension,21 whereas an
increase in both PDGF ligand and receptor levels was
evident in human bladder fibroblasts exposed to hydro-
static pressure in the physiological range.8 A modest
increase in PDGFR level in SMC was also observed,
although in all cases, up-regulation of ligand and recep-
tor expression was observed over 1 to 2 days,8 consis-
tent with a role for paracrine effects of PDGF ligand on
bladder wall remodeling following its release into the
microenvironment. Despite these observations linking
up-regulation of the PDGFR signaling axis to physical
forces, direct activation of the PDGFR has not been re-
ported in intact tissue. Our data, in contrast, suggest a
rapid (within minutes) induction of PDGFR phosphoryla-
tion within the bladder wall in response to distension, ie,
in a time frame that cannot be explained by de novo
synthesis of PDGF. To our knowledge, this is the first
demonstration of PDGFR phosphorylation in an intact
organ or tissue and implicates PDGFR-dependent signal-

ing in the response of bladder smooth muscle to patho-
logical stimuli, such as overdistension.

TM has been widely studied in the context of endothe-
lial cell biology and coagulation. TM is a single mem-
brane-spanning glycoprotein with an N-terminal lectin-
like domain, six EGF-like motifs, a serine/threonine-rich
juxtamembrane region, and a short cytoplasmic tail (re-
viewed in22). The anticlotting activity of TM derives pri-
marily from its ability to bind thrombin, thereby preventing
thrombin from catalyzing the conversion of fibrinogen to
fibrin, the penultimate step of the coagulation cascade.
However, its function in smooth muscle, and particularly
visceral smooth muscle, has not been explored in detail.
In vascular smooth muscle, TM has been shown to have
both growth stimulatory and growth inhibitory effects.
Treatment of aortic SMC in vitro with a recombinant TM
peptide, comprising the six EGF-like domains but lacking
the native N-terminal region and the Ser/Thr-rich region,
increased DNA synthesis in a dose-dependent man-
ner.23 In contrast, exposure of carotid artery SMC and
balloon-injured vessels to recombinant TM comprising
the entire ectodomain had no effect on DNA synthesis
when used alone but inhibited thrombin-induced cell cy-
cle transit in vitro24 and neointimal hyperplasia in vivo.25

Thus, the activity of recombinant TM in vascular SMC
appears to be highly dependent on TM conformation and
target cell. To address the function of TM in bladder
smooth muscle, we used RNA interference to target the
endogenous molecule. Knockdown of TM in pBSMC had
no appreciable effect on either basal or PDGF-stimulated
cell cycle transit, whereas down-regulation of Fra1 by
siRNA markedly inhibited PDGF-induced growth, consis-
tent with previous studies linking Fra1 to SMC mitogene-
sis.26 In addition to its robust mitogenic activity, PDGF is
also a potent inducer of cell motility and migration.27

Because SMC migration is an important component of
pathological smooth muscle remodeling, we investigated
the potential function of TM in migratory behavior and
found that in contrast to its effects on growth, down-
regulation of TM by RNA interference reduced PDGF-
induced pBSMC migration by 
50%. These observations
provide the first demonstration of a role for endogenous
TM in migration of any cell type and suggest that expres-
sion of TM in pBSMC in vitro and in the intact bladder
downstream of PDGFR and Akt activation may be a me-
diator and/or marker of bladder SM remodeling.

The mechanism whereby TM elicits effects on migra-
tion is unknown but may be related to its ability to regulate
cell adhesion. Published findings have demonstrated that
deletion of the N-terminal lectin-like domain in TM pre-
vented intercellular association of melanoma cells.28 In
that study, inhibition of the lectin-like domain with func-
tion-blocking antibody was also found to inhibit clustering
of keratinocytes.28 Conversely, forced expression of TM
in an insulinoma cell line increased cell aggregration, an
effect believed to result, in part, from TM interacting with
neural cell adhesion molecule (N-CAM).29 The authors
also speculated in that study that TM overexpression may
increase the function of �1 integrin, a critical regulator of
migration (reviewed in Ref. 30). Other reports have sug-
gested that exogenous recombinant TM could stimulate

Figure 8. A model of regulation of TM by the PDGFR axis in bladder
smooth muscle. Exposure to PDGF in vitro or bladder wall distension in vivo
causes phosphorylation and activation of the PDGFR, initiating downstream
signaling cascades such as the PI3K/Akt pathway. PDGF-stimulated, PI3K/
Akt-dependent signals activate specific AP-1 components (c-jun and Fra1),
which bind to the TM promoter to increase its expression and thereby
promote cell migration. PDGF also stimulates cell cycle transit in a Fra1-
dependent manner.
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expression of mediators of matrix proteolysis in endothe-
lial cells, including matrix metalloproteinases and plas-
minogen activators.31 Taken together, these observa-
tions suggest that TM may regulate migration through its
ability to alter cell association with the microenvironment,
including cell-cell and cell-matrix interactions.

Our data show that the effect of PDGF on TM expres-
sion is mediated at the transcriptional level through Akt-
dependent effects on the AP-1 transcriptional complex.
Deletion analysis identified a novel PDGF-responsive
AP-1 binding site at �2010/�2004 in the human TM
promoter. Activity of the TM promoter is also known to be
regulated by Ets1,32 Sp1, and DR433 transcription fac-
tors. Indeed, Lo et al34 recently implicated Akt and Ets1
as mediators of PDGF-induced TM expression in vascu-
lar SMC. In that study, however, the function of TM was
not described. An important aspect of our ongoing stud-
ies is the demonstration that discrete hyperplastic stimuli
for pBSMC, such as PDGF or mechanical stretch, elicit
distinct patterns of AP-1 activation. In particular, PDGF
stimulated the DNA-binding activity of c-jun, c-fos, Fra1,
Fra2, and JunB in pBSMC. In contrast, cyclic stretch
showed greater selectivity, activating only c-jun, c-fos,
and FosB to a significant extent (A. Ramachandran and
R.M. Adam, unpublished observations). Furthermore, of
the AP-1 subunits tested, only c-jun and Fra-1 emerged
as functionally relevant mediators of PDGF- and Akt-
induced TM expression in pBSMC. These observations
lend support to the concept that AP-1 dimer composition
is tightly regulated depending on the initiating stimulus
and is likely to be a key determinant of AP-1 function.35,36

In summary, we have described a novel PDGFR-de-
pendent pathway that regulates expression of TM in blad-
der smooth muscle. We identify AP-1, specifically c-jun
and Fra-1, as specific regulators of TM gene expression
and provide the first evidence to support a role for en-
dogenous TM in regulating SMC migration. Last, our
demonstration that TM is robustly induced in a model of
bladder injury suggests that TM may be an early marker
of pathological smooth muscle remodeling.
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