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The mouse vascular smooth muscle a-actin (SMA) gene enhancer is activated in fibroblasts by transforming growth factor
B1 (TGEB1), a potent mediator of myofibroblast differentiation and wound healing. The SMA enhancer contains tandem
sites for the Sp1 transcriptional activator protein and Pura and f8 repressor proteins. We have examined dynamic interplay
between these divergent proteins to identify checkpoints for possible control of myofibroblast differentiation during
chronic inflammatory disease. A novel element in the SMA enhancer named SPUR was responsible for both basal and
TGFpB1-dependent transcriptional activation in fibroblasts and capable of binding Spl and Pur proteins. A novel
Sp1:Pur:SPUR complex was dissociated when SMA enhancer activity was increased by TGFB1 or Smad protein overex-
pression. Physical association of Pur proteins with Smad2/3 was observed as was binding of Smads to an upstream
enhancer region that undergoes DNA duplex unwinding in TGFpB1-activated myofibroblasts. Purf repression of the SMA
enhancer could not be relieved by TGFpB1, whereas repression mediated by Pura was partially rescued by TGFp1 or
overexpression of Smad proteins. Interplay between Pur repressor isoforms and Sp1 and Smad coactivators may regulate

SMA enhancer output in TGFB1-activated myofibroblasts during episodes of wound repair and tissue remodeling.

INTRODUCTION

Myofibroblasts arise as a consequence of tissue injury and
acquire many of the contractile proteins normally expressed
by smooth muscle cells such as vascular smooth muscle
a-actin (SMA). These stromal cells typically contain numer-
ous smooth muscle actin stress fibers that contribute to the
generation of isometric mechanical force required for
wound contraction and closure (Skalli and Gabbiani, 1988;
Desmouliére and Gabbiani, 1996; Powell ef al., 1999; Serini
and Gabbiani, 1999; Hinz et al., 2001; Tomasek et al., 2002).
Chronic myofibroblast activation has been associated with a
number of pathological conditions associated with tissue
remodeling, including hypertrophic scarring, interstitial fi-
brosis, fibromatosis, and stromal responses to certain neo-
plasias (Ronnov-Jessen et al., 1995; Weber, 1995; Shi ef al.,
1996; Zalewski and Shi, 1997; Nedelec et al., 2001; Cassiman
et al., 2002). Studies on accepted heart grafts in the mouse
showed that chronic allograft dysfunction (CAD), a leading
cause of heart failure after transplantation, was associated
with peritransplant SMA gene activation in cardiac myofi-
broblasts (Subramanian et al., 2002). Subsequent inappropri-
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ate elevation of SMA expression in cardiomyocytes, a sign of
physiological stress (Black et al., 1991), and silencing of the
SMA gene in coronary arterial smooth muscle cells was
temporally linked to myofibroblast activation, fibrosis, and
transplant vascular sclerosis that limits perfusion and com-
promises graft survival (Armstrong et al., 1997a,b,c; Subra-
manian ef al., 1998).

Transforming growth factor 81 (TGFpI1) is an essential
mediator of myofibroblast differentiation that contributes to
the pathobiology of chronic fibrotic disease (Heldin et al.,
1997; Derynck et al., 1998, Massague and Wotton, 2000).
Reports not only demonstrate a key role for TGFB1 in reg-
ulating extracellular matrix homeostasis (Fan et al., 1999;
Branton and Kopp, 1999) but also point to its activating effect
on the SMA gene required for stress fiber assembly and
generation of tensile force in myofibroblasts (Ronnov-Jessen
and Petersen, 1993; Serini et al., 1998). TGFB1 binds a trans-
membrane receptor complex and activates Smad coregula-
tory proteins that are transported to the nucleus to form
multisubunit transcriptional regulatory complexes (Mas-
sague and Wotton, 2000). Partner proteins that are cell type-
and gene-specific interact with rate-limiting Smads to define
the nature and duration of the transcriptional response. Such
proteins may uniquely govern dynamic interplay between
ubiquitous DNA-binding proteins that occupy closely posi-
tioned sites within the SMA enhancer. In this capacity, un-
derstanding the molecular mechanisms regulating the inter-
actions of Smads and their partner proteins at the SMA
enhancer in myofibroblasts will be crucial to understanding
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aberrant fibroproliferative processes associated with organ
rejection after transplant.

Previous studies from our laboratory demonstrated that
the SMA gene in stromal fibroblasts was regulated by an
array of positive and negative cis-acting elements within a
minimal enhancer required for basal and TGFB1-inducible
transcription (Kelm et al., 1996, 1999a,b, 2003; Carlini et al.,
2002; Cogan et al., 2002). Whereas TGFB1 amplified basal
expression of the mouse SMA enhancer by concerted action
at multiple positive regulatory elements, inducibility per se
was confined to a site in the enhancer referred to as the THR
that was previously shown to demonstrate TGFB1-depen-
dent hyperreactivity with single strand-specific DNA-mod-
ifying reagents (Becker et al., 2000; Cogan ef al., 2002). Im-
portantly, three single strand-specific DNA-binding factors
were identified in fibroblasts and arterial smooth muscle
cells that attenuated transcriptional output from the SMA
enhancer (Cogan et al., 1995; Sun et al., 1995; Kelm et al., 1996,
1999a,b). These repressors bound opposite strands of a large
purine/pyrimidine (Pur/Pyr)-rich region that encompassed
the THR plus an adjacent MCAT element that binds the
TEF1 protein required for SMA enhancer activation. Pura
and Purp bound to the purine-rich strand, whereas MSY1
was specific for the pyrimidine-rich strand. The level of all
three proteins increased in accepted cardiac allografts in
parallel with the development of peritransplant fibrosis and
chronic rejection (Subramanian et al., 2002). Pure, Purf, and
MSY1 self-associate on single-stranded DNA as well as bind
double strand-specific transcriptional activating proteins
such as TEF1 and serum response factor (SRF) to form
heteromeric complexes (Carlini et al., 2002). Because Pura,
Purp, and MSY1 prefer to bind single-strand DNA, they may
block access of the TEF1-activating protein to its cognate
double-stranded MCAT binding element within the Pur/
Pyr-rich domain. Additionally, recent studies showed that
the functional properties of the Purf repressor can be influ-
enced by SRF, a critical SMA gene activator in both myofi-
broblasts and arterial smooth muscle cells (Sun et al., 1995;
Kelm et al., 2003).

We now know that the Sp1/3 DNA-binding proteins also
function as transcriptional activators of the SMA enhancer in
fibroblasts via interaction with a second TGFB1 control ele-
ment known as the TCE that was originally described in
arterial smooth muscle cells (Cogan et al., 2002). In this
report, we identify a novel, purine-rich domain that over-
laps the core Sp1/3 consensus binding site within the TCE.
Based on its proximity to the Sp1/3 site and sequence sim-
ilarity to the Pur protein-binding element in the THR de-
scribed above, we refer to this new regulatory component as
the SPUR element. Although the DNA-binding activities of
Pura, PurpB, and MSY1 are modulated after transplant
chronic rejection (Subramanian et al., 2002), and Sp1 contrib-
utes to altered patterns of collagen gene expression typically
associated with wound healing and fibrosis (Greenwel et al.,
1997; Poncelet and Schnaper, 2001), we know nothing about
interrelationships of these proteins in the context of TGFB1-
dependent SMA gene activation that represents an impor-
tant feature of myofibroblast differentiation after tissue in-
jury. Therefore, our goal was to determine whether single
strand-specific, SMA repressor proteins interact with double
strand-specific Sp1/3 DNA-binding proteins and investigate
how these interactions change upon conversion of fibro-
blasts into myofibroblasts. In this report, we show that Pur
and Sp1 proteins in fact share adjacent binding sites at the
SPUR element of the SMA enhancer and physically interact
in a TGFBl-sensitive manner. The data suggest that fibro-
blast to myofibroblast conversion involves altered protein:
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DNA and protein:protein interactions localized at the SPUR
and THR sites within the SMA enhancer. Dynamic interplay
between Pur and Spl proteins may allow adjustment of
SMA gene output in myofibroblasts to more efficiently re-
pair damage inflicted by inflammatory cells in accepted
organ grafts. Disruption of this interplay could cause exces-
sive accumulation of hypercontractile myofibroblasts that
may alter the structure of accepted cardiac grafts to the point
of functional disruption. As such, these molecular interac-
tions may be useful targets for novel forms of antirejection
therapy after solid organ transplant.

MATERIALS AND METHODS
Cell Culture Methods

Mouse AKR-2B embryonic fibroblasts were maintained in McCoy’s 5A me-
dium (Cambrex Bio Science Walkersville, Walkersville, MD) supplemented
with 5% heat-inactivated fetal bovine serum (hiFBS) and penicillin-strepto-
mycin (Invitrogen, Carlsbad, CA). Nonhuman primate COS7 kidney fibro-
blasts were maintained in DMEM (4.5 g/1 p-glucose) supplemented with
penicillin-streptomycin and 10% hiFBS. All cell lines were cultivated in a
humidified incubator at 37°C at 5% CO,. Fibroblasts were rendered quiescent
by a 48-h exposure to HEPES-buffered DMEM (1.0 g/1 p-glucose) containing
0.5% hiFBS, and penicillin-streptomycin-Fungizone. Recombinant human
TGFB1 (5 ng/ml, final concentration; R&D Systems, Minneapolis, MN) was
added to cultures for varying periods before preparation of protein extracts.

Preparation of Protein Extracts and Electrophoretic
Mobility Shift Assay (EMSA)

Cell monolayers were washed twice with Dulbecco’s phosphate-buffered
saline (PBS), scraped into fresh PBS, sedimented at 3000 rpm, washed once
more in PBS, and resuspended in eight packed-cell volumes of hypotonic
buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 0.2 mM phenyl-
methylsulfonyl fluoride [PMSF], 0.5 mM dithiothreitol [DTT]). Cells were
allowed to swell for 10 min on ice before transfer to a Dounce homogenizer
for processing with a type B pestle. Nuclei were collected from ruptured cells
by centrifugation for 15 min at 4000 rpm and suspended in one-half packed-
pellet volume of ice-cold, low salt buffer (20 mM HEPES, pH 7.9, 25% glycerol,
1.5 mM MgCl,, 0.02 M KCl, 0.2 mM EDTA, 0.2 mM PMSF, 0.5 mM DTT). High
salt buffer (20 mM HEPES, pH 7.9, 25% glycerol, 1.5 mM MgCl,, 1.2 M KCl,
0.2 mM EDTA, 0.2 mM PMSF, 0.5 mM DTT) equal to one-half packed pellet
volume was added and the nuclei further extracted with gentle rocking for 30
min at 4°C. Nuclei were collected by centrifugation for 30 min at 14,500 rpm
and dialyzed against 50 volumes of dialysis buffer containing 20 mM HEPES,
pH 7.9, 20% glycerol, 100 mM KCI, 0.2 mM EDTA, 0.2 mM PMSF, 0.5 mM
DTT. After dialysis, supernatants were collected by centrifugation at 14,500
rpm for 20 min for use in biochemical assays. Whole cell extracts were
prepared from PBS-rinsed monolayers by using radioimmunoprecipitation
assay (RIPA) buffer (1X PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
protease inhibitor cocktail, 0.2 mM PMSF, 0.5 mM DTT) at 0.6 ml/100-mm
culture plate followed by gentle rocking for 15 min at 4°C. Adherent lysed cell
remnants were scraped into 0.3 ml of RIPA buffer and combined with the
original lysate into a single microcentrifuge tube and the supernatant fraction
was collected at 10,000 X g for 10 min at 4°C. Mouse ventricle tissue extracts
were prepared from neonates (4, 6, 9, and 13 d old), 8- to 10-wk-old adults,
and cardiac allografts as described previously (Subramanian et al., 2002).
EMSA and super-shift EMSA was performed on cell and tissue extracts as
described previously (Cogan ef al., 2002; Subramanian et al., 2002).

DNA-binding Assay (DBA)

Synthetic oligonucleotide probes used in this study correspond to sequences
present in the mouse SMA 5'-flanking region (Min et al., 1990). Reaction
mixtures containing nuclear extract (100 pg of protein) and biotinylated
oligonucleotides (100 pmol; Integrated DNA Technologies, Coralville, IA)
were incubated in reaction mixtures containing poly(dI-dC), 10 mM Tris, pH
7.5, 50 mM NaCl, 0.5 mM DTT, 0.5 mM EDTA, 0.12 mM PMSF, 4% glycerol.
Protein:biotin:DNA complexes were captured on streptavidin-immobilized
paramagnetic particles (Promega, Madison, WI; 0.6 ml/reaction, 30-min in-
cubation) as described previously (Kelm et al., 2003). After washing four times
with buffer containing 25 mM Tris-HCI, pH 7.5, 1 mM EDTA, and 100 mM
NaCl, bound protein was eluted using 2X protein denaturing buffer and
analyzed by SDS-PAGE and immunoblotting procedures.

Mammalian Protein Overexpression Plasmids, Cell
Transfection, and Reporter Gene Assays

Fibroblasts at 40-50% confluence were transfected with optimized mixtures
of the previously described SMA promoter:reporter fusion plasmids VSMP4
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Table 1. Sequences of DNA probes used to evaluate dynamic interplay of SMA enhancer-binding proteins

GGA or AGG: potential Pur binding sites

SPUR
TCE
TCEm

MCAT
THR

SPUR
SPURm1
SPURm2

CAGA or AGAC: potential Smad binding site
SBE (+ control)
SPUR
MCAT
THR
NS (- control)

GCAGAACAGAGGAATGCAGTGGAAGAGACC
GCAGT GGAAGAGACCCAGGCCTCTGGCCACCCAGA

GAAGCGAGT GGGAGGGGAT CAGAGCAAGGEEEC
GAAGCGAGT GT TAGGGGATCAGAGCAAGGEEEC
GAAGCGAGT GGGAGGGGATCAGATACCTTTTA

CCCCAGACACCACCCACCCAGAGT GG
GAAGCGAGT GGGAGGGGATCAGAGCAAGGEEEC
GCAGAACAGAGGAATGCAGT GGAAGAGACC
GCAGT GGAAGAGACCCAGGCCTCTGGCCACCCAGA
CAGGTGAATGGCAGCAGCTGTCGACTCAC

For simplicity, only the forward, upper strand sequence is shown. The salient features of Pur protein and Sp1/Sp3 binding motifs are bold
lettered in the top group, whereas putative Smad-binding consensus sequences are bold lettered in the bottom group. Substitution mutations

are underlined.

and VSMPS8, and/or plasmids encoding various transcriptional regulatory
proteins by using Mirus (Invitrogen, San Diego, CA) transfection reagent and
a protocol provided by the manufacturer (Cogan et al., 2002). Plasmids en-
coding human Spl and the human Smad 2/3/4 proteins were kindly pro-
vided by Dr. J. Horowitz (North Carolina State University, Raleigh, NC) and
Drs. L. Choy and R. Derynck (University of California San Francisco, San
Francisco, CA), respectively. Plasmids were purified using QIAGEN prepar-
ative resin and a protocol provided by the manufacturer (QIAGEN, Valencia,
CA). Forty-eight hours after transfection, cells were washed three times with
cold PBS and then lysed using chloramphenicol acetyltransferase (CAT)
enzyme-linked immunosorbent assay (ELISA) lysis buffer (Roche Applied
Science, Indianapolis, IN). Whole cell extracts were clarified at 14,000 X g for
10 min at 4°C and stored at —20°C before assay. Total protein in extracts was
determined by bicinchoninic acid colorimetric assay (Pierce Chemical, Rock-
ford, IL). Equivalent amounts of lysed protein were evaluated by immunoblot
to verify protein overexpression. CAT reporter gene activity was determined
using a commercial ELISA kit (Roche Applied Science). Reporter gene expres-
sion was normalized with respect to total cell protein, and transfections were
routinely performed in triplicate and repeated three to five times. Data sets
were subjected to analysis of variance to assess statistical significance set at
p < 0.05.

Protein Immunoprecipitation

Nuclear or whole cell protein extracts (100 ug) from fibroblasts were com-
bined with commercial (Sigma-Aldrich, St. Louis, MO) H-tag (for Pur pro-
teins) or DYKDDDDK-tag-specific (for Smads) antibodies (2 ug) in 200 ul of
solution D (20 mM HEPES, pH 7.9, 100 mM KCl, 0.2 mM EDTA, 20% glycerol,
1 mM DTT, 0.2 mM PMSF). After a 1-h incubation at 4°C on a rotating-
platform mixer, a 20-ul aliquot of protein G-agarose (Sigma-Aldrich), that had
been previously washed and suspended in solution D, was added and the
mixture incubated 16 h at 4°C with rotation. Agarose beads with immobilized
protein were collected by centrifugation at 2500 rpm for 5 min at 4°C, washed
four times with PBS, suspended in 1X SDS-PAGE sample buffer, heated at
95°C for 5 min, and released proteins evaluated by SDS-PAGE and immuno-
blotting with selected antibodies.

Immunoblotting

Proteins (10-ug aliquots) were size fractionated by SDS-PAGE by using 10%
polyacrylamide gels and then electrophoretically transferred to nitrocellulose
membranes (Schleicher & Schuell, Keene, NH). After overnight blocking at
4°C in Tris-buffered saline (TBS; 25 mM Tris-HCI, pH 7.5, 150 mM NaCl)
containing 3% (wt/vol) nonfat dry milk and 0.5% bovine serum albumin,
blots were incubated with selected rabbit polyclonal antibodies (2 ug/ml) for
90 min at room temperature with gentle rocking. Antibodies specific for Sp1
and Smad proteins were obtained commercially (Santa Cruz Biotechnology,
Santa Cruz, CA) and two different Pur protein-specific antibodies (anti-Pure
291-313 and anti-Purp 302-324) plus a pan-specific Pura/B antibody (42-69)
were described previously (Kelm et al., 1999a; Subramanian et al., 2002). Blots
were washed four times at room temperature over a 20-min period in TBS
containing Tween 20 (0.05% vol/vol). Horseradish peroxidase-conjugated,
goat anti-rabbit secondary antibody (1:1500) then was applied for 45 min
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after which time the blots were washed as described above and processed
for antibody visualization by chemiluminescence (ECL; Amersham Bio-
sciences, Piscataway, NJ) and imaged onto Biomax film (Eastman Kodak,
Rochester, NY).

RESULTS

A Nowvel Double-Strand DNA-binding Site for Pur
Proteins Is Located Proximal to the Sp1l Activation Site
in the SMA Enhancer

The double-strand TCE element in the mouse SMA enhancer
represents a strong binding site for the Spl/3-activating
proteins in TGFpBl-activated myofibroblasts (Cogan et al.,
2002). Inspection of the sequence flanking the TCE revealed
three putative Pur protein binding sites (GGA) in both “for-
ward” (also known as the “upper” or “sense” strand of a
DNA duplex) and “reverse” (also known as the “lower” or
“reverse” strand of a DNA duplex) orientations within and
3" to the GC-rich core of the TCE required for Sp1/3 binding
(Table 1). The original TCE probe was extended to include
these sequence components, thus creating a new probe
called SPUR that contains both Sp1/3- and Pur-binding
sites. SPUR is located between —59 and —28 in the 5'-
flanking region of the mouse SMA gene. To determine
whether mouse Pur protein was able to bind the SPUR
probe, EMSA was performed using protein extracts pre-
pared from neonatal mouse ventricular tissue and fetal bo-
vine serum-stimulated mouse AKR-2B fibroblasts. Immedi-
ately before birth, SMA is the dominant actin isoform
expressed in mouse ventricular cardiomyocytes. Because
SMA expression in these cells ceases by postnatal day 14,
ventricular extracts from 4-d-old neonatal mice were ex-
pected to contain both activators (e.g., Spl) and repressors
(e.g., Pur a and B) of SMA gene transcription. Likewise,
serum-stimulated fibroblasts transiently express SMA and
contain both SMA gene activators and repressors to temper
SMA transcriptional output. As shown in Figure 1, Sp1/Sp3
and Pur proteins were detected in heart tissue and fibroblast
extracts by using the SPUR probe in double-strand (ds)
context. Moreover, Sp1, Sp3, and Pur proteins were all in-
dependently size shifted on the dsSPUR probe by their
respective polyclonal antibodies but not with antibodies
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Figure 1. EMSAs depicting interaction of
native Sp1, Sp3, and Pur proteins in neona-

Extract:
EMSA probes:

dsSPUR
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fibroblast
dsSPUR

4d neonatal ventricle
ssMCAT

tal mouse ventricle (left and middle) and
serum-treated AKR-2B fibroblast (right) ex-
tracts with either double-strand SPUR probe *
(dsSPUR) or a single-strand probe from a
different region of the SMA enhancer
(ssMCAT) that contains a site for Pur pro-
tein binding but not the other proteins.
EMSA reactions were processed with anti-
bodies specific for Sp1, Sp3, Purp, SRF, and
TEF1 to size shift DNA:protein complexes
containing the cognate transcription factors
(size-shifted complexes are within the
bracketed area marked with asterisk). The
Sp1, Sp3, and Pur proteins all were indepen-
dently size shifted by their corresponding
antibodies but not by unrelated SRF or TEF1
antibodies.

Spl—

Sp3

Purc/f

Antibodies: -

specific for the TEF1 or SRF enhancer-activating proteins.
For comparison, the forward, single-strand (ss) component
of the MCAT probe was used in the heart extract EMSA as
a positive control for Pur protein binding (Cogan et al., 1995;
Sun et al., 1995; Subramanian et al., 2002) and to denote the
position of supershifted Pur protein:DNA complexes. Anti-
body-supershifted complexes of Pur protein were evident in
EMSAs by using the ssMCAT probe but less obvious in
assays using the dsSPUR probe because the native Spl:
dsSPUR complex migrates to the same position as the super-
shifted Pur:dsSPUR complex (compare area marked with
asterisk in the middle panel in Figure 1 with same areas of
the left or right panels). Both Pura and Purf DNA com-
plexes were size shifted by the anti-Purf8 302-324 antibody
owing to their known ability to form a heterodimer (Kelm et
al., 1999a).

Pur proteins have always been regarded as single-strand—
specific DNA-binding proteins in the context of SMA gene
regulation. Thus, it was extremely interesting to observe a
departure from this behavior with regard to their affinity for
double-strand SPUR DNA. To further explore the signifi-
cance of this new observation, DBA combined with Western
blot analysis was performed using nuclear extracts prepared
from mouse AKR-2B embryonic fibroblasts. Our intent was
to examine sequence and strand specificity issues as well as

SPUR

Figure 2. (A) DBA of fibroblast A TCE

nuclear extracts using double-
and single-strand SMA enhancer
probes. DBA probes are indicated
at the top margin. Antibodies
used for Western blot analysis of
affinity-isolated ~ proteins  are
noted on the left. ds, double-
strand DBA probes; ss, single- Spl
strand DBA probes. dsSPUR

PUR o/f

]
[

-

Spl Sp3 SRF Purp -

TCEm MCAT B

Al E -

Farn

Spl
Sp3

Purc/f3

Spl Sp3 SRF Purp - Sp3 Purp TEF

clearly resolve binding of each Pur protein isoform. The
SPUR and TCE probes, plus a TCE probe variant containing
a mutated Spl site (TCEm; Table 1), in either double- or
single (forward)-strand form were incubated with nuclear
protein extracts. The forward strand of the MCAT element
described above served as a positive control for single-
strand binding because it is known to contain a high-affinity
site for both Pur proteins (Cogan et al., 1995; Sun et al., 1995).
Western blots of DNA-bound proteins were evaluated with
antibodies specific for Pur a/B, Sp1, and Sp3. Whereas Pur
proteins bound to the forward strands of all four probes,
SPUR was the only double-stranded probe capable of bind-
ing Pur proteins (Figure 2A). As expected both Sp1 and Sp3
bound to double-strand forms of SPUR and TCE but failed
to bind the double-strand TCEm nor did they bind any
single-strand probes (Figure 2A, Sp1 and Sp3). Interestingly,
the double-strand version of TCEm retained some Pur pro-
tein binding activity perhaps because of an intact GGA site
that may be available for Pur occupancy in the absence of
Sp1/3 binding to this mutant probe (refer to probe sequence
data in Table 1). Because the single-strand—specific MSY1
transcriptional regulatory protein binds Pur proteins (Kelm
et al., 1999b) and recently was shown to enhance loading of
Purp onto single-stranded Pur/Pyr-rich regions of the SMA
enhancer (Kelm et al., 2003), we examined whether MSY1

Double-strand SPUR Single-strand SPUR

G A -

PUR a/p

- ‘q spl

- e .

binds the Pur, Sp1, and Sp3 pro-
teins. (B) DBA of fibroblast nu-
clear extracts by using mutant
SPUR probes. SPUR mutations in
double-strand context eliminated
Pur binding but had no detri-

Sp3

mental effect on binding to single-
strand probes. wt, wild-type con-
text, ml, m2, mutant context
(Table 1); ns, nonspecific species.
Antibodies for DBA Western .
blots are noted on the left. ds  ss ds ss

MSY1 =

ds ss
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Double-strand SPUR Single-strand SPUR

|
— ——
PUR o/f | — — PUR w/p
sp1 | D S
Pl | — MSYI -—— e
0 1 6 0 1 6

Figure 3. DBA of nuclear extracts prepared from TGFB1-activated
myofibroblasts. Antibodies used for Western blots are shown at the
left of each panel. Over a 6-h exposure to TGFB1, there was a
fourfold decrease in Pur protein binding to the dsSPUR probe.

was a component of the novel Pur-containing complexes
identified on SPUR probes. Whereas MSY1 binding clearly
was detected on single-strand versions of SPUR or TCE
probes, this protein was not associated with the Pur complex
formed on double-strand SPUR (Figure 2A). Moreover, the
interaction of MSY1 with forward-strand DNA seemed spe-
cific for SPUR-based probes (SPUR, TCE, and TCEm) be-
cause the forward strand derived from the MCAT Pur/Pyr-
rich region was unable to bind MSY1 (Figure 2A). Thus,
double-strand SPUR seemed to accomodate a novel, specific
interaction with Pur repressor proteins that up to this point
had only demonstrated clear preference for single-strand
regions of the SMA enhancer.

The GC-rich and GGA components within double-strand
SPUR were independently mutated to evaluate their impor-
tance in mediating Pur protein binding (Figure 2B, SPURm1
and SPURm?2). Both the GC-rich and GGA sites were essen-
tial for Pur protein binding to double-strand SPUR. How-
ever, Spl/3 binding was impaired only by mutation at the
GC-rich site proper and not by mutation of the GGA motif.
This observation demonstrated that Pur protein binding to
double-strand probes was sequence specific. Qualitatively,
single-strand mutant probes exhibited approximately the
same ability to bind Pur and MSY1 proteins as probes in
native context (Figure 2B, right), implying that intact GC-
rich and GGA sites required for Pur binding to double-
strand DNA were not important determinants for binding to
single-strand DNA. These results are suggestive of relaxed
single-strand sequence specificity compared with double-
strand probes that may be more structurally constrained.

TGF1 and Its Receptor Coregulatory Smad Proteins
Alter Pur Protein Interactions

Because the SPUR region encompasses the TCE previously
reported to be involved in TGFpB1 regulation of the SMA
promoter in fibroblasts (Cogan ef al., 2002), we examined Pur
binding to SPUR in the presence and absence of this essen-
tial growth factor mediator of myofibroblast differentiation.
Nuclear protein extracts prepared from myofibroblasts after
either a 1- or 6-h exposure to 5 ng/ml TGF1 were evaluated
by DBA. TGFf1 treatment over a 6-h period caused a four-
fold reduction in Pur binding that was specific for double-
strand SPUR (Figure 3). Binding of the Sp1 transcriptional
activator to double-strand SPUR did not change in the pres-
ence of TGFB1 consistent with our previous observation that
net Sp1/Sp3 binding to the SMA enhancer does not increase
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Figure 4. Immunoprecipitation of a Sp1:Pur protein complex from
fibroblasts. (A) Spl immunoprecipitate isolated from serum-free
(control) AKR-2B fibroblast nuclear extracts contained prominent
Pura and Purf bands revealed by Western blot analysis by using a
pan-specific anti-Pur antibody. Myofibroblast differentiation during
a 6-h exposure to TGFB1 was accompanied by diminished Sp1:Pur
protein interaction. Exposure to TGFB1 had no detectable effect on
Pur protein isoform levels in nuclear extracts (bottom). (B) Pur
protein immunoprecipitate isolated from COS7 fibroblasts trans-
fected with empty expression plasmid (—) or equimolar mixtures of
plasmids harboring ¢cDNAs encoding Smad 2, 3, and 4 (+) were
processed by Western blot by using a Sp1-specific antibody. Trans-
fection with Smad expression plasmids did not effect net expression
of Sp1 protein (bottom) but significantly impaired Sp1:Pur protein
interaction (top).

during myofibroblast differentiation (Cogan et al., 2002).
Western blot analysis showed no reduction of Pur protein
levels in fibroblast nuclear extracts after a 6-h exposure to
TGEB1 (unpublished data). This finding indicates that al-
though Pur protein can be detected in TGFpBl-activated
myofibroblasts, it seems less able to bind double-strand
SPUR DNA. Interestingly, MSY1 binding to single-(forward)
strand SPUR was modestly enhanced during TGFp1 treat-
ment (Figure 3). Similar trends were observed for Pur and
MSY1 proteins in primary human pulmonary myofibro-
blasts after a 6-h exposure to TGFB1 (unpublished data).

Protein immunoprecipitation experiments were per-
formed to examine the possibility of a physical association
between Sp1 and Pur proteins that might account for their
joint affinity for double-strand SPUR as well as provide a
control point for the modulating influence of TGFB1 on Pur
protein interaction with SPUR. Nuclear extracts prepared
from myofibroblasts cultivated for 6 h in the presence or
absence of TGFB1 were incubated with a Spl-specific anti-
body followed by Western blot evaluation of the precipi-
tated material using a pan-specific Pur protein antibody.
Whereas the Sp1 antibody immunoprecipitated Pur proteins
from control extracts, significantly less Pur protein was col-
lected from extracts prepared after TGFf1 treatment (Figure
4A). Western blots of total nuclear protein revealed equiva-
lent amounts of Pur proteins and Sp1 in control and treated
extracts (Figure 4A, bottom), indicating that TGFB1 most
likely impaired protein:protein interaction rather than re-
duce net availability of these proteins.

Molecular Biology of the Cell



Figure 5. Pur proteins behave as bimodal mediators of
SMA enhancer activity in transfected COS? fibroblasts. (A)
Both Pur proteins were able to suppress Spl-mediated
activation of the SMA enhancer. (B) Smad proteins are
robust activators of the SMA enhancer and can neutralize
Pura-mediated repression with or without Spl. (C) Purf
behaved as a dominant negative-type repressor and was
unaffected by either Smad or Sp1 protein overexpression.
For A to C, the expression plasmids included in individual
transfections are noted by (+). (D) Protein overexpression
in transfected COS7 fibroblasts was verified by Western
blot analysis by using polyclonal antibodies specific for
Pur proteins (top); Smad 2, 3, and 4 (middle); or Spl
(bottom). Lane 1 (all panels), extracts from nontransfected
CQOS7 fibroblasts; lanes 2—4, extracts from COS7 fibroblasts
transfected with expression plasmids for Pura alone (lane
2, top), Smad2/3/4 (lane 2, middle), Sp1 (lane 2, bottom),
Purp alone (lane 3, top), or both Pura and Purp (lane 4,
top).

Smad proteins 2, 3, and 4 mediate TGFf1 receptor signal-
ing in myofibroblasts during wound healing and strongly
activate the native SMA gene (Cogan et al., 2002). To extend
data presented in Figure 4A, we investigated the conse-
quences of Smad protein overexpression on the physical
association of Spl and Pur proteins in transfected COS7
fibroblasts. The Pur protein antibody was able to immuno-
precipitate native Pur:Sp1l complexes from nontransfected
COS7 fibroblasts but not cells transfected with an equimolar
combination of expression vectors encoding Smad 2, 3, and
4 (Figure 4B). Western blot analysis demonstrated equal
amounts of native Sp1 in both nontransfected control cells
and cells overexpressing Smad proteins (Figure 4B, bottom).
Together, the data presented in Figure 4, A and B, suggested
that both TGFB1 and its receptor-regulated Smad signaling
agents can modify the physical interaction between Sp1 and
Pur proteins.

Pur Proteins Are Potent SMA Transcriptional Repressors
in Fibroblasts

Previous results from our laboratories showed that Purp,
but not Pure, was a potent repressor of the mouse SMA
promoter in aortic smooth muscle cells (Kelm et al., 2003). To
examine the functional consequences of Sp1l:Pur protein in-
teractions on SMA enhancer activity in fibroblasts, we co-
transfected combinations of Smads 2/3/4, Pura, Purf, and
Sp1 in COS7 kidney fibroblasts along with the SMA enhanc-
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er:CAT reporter fusion gene construct referred to as VSMP4.
The 191-base pair enhancer fragment contained in VSMP4
includes the SPUR, TCE, MCAT, THR, and CArG B elements
necessary for both basal and TGFB1-inducible transcription
of SMA in fibroblasts (Foster et al., 1992; Cogan et al., 2002).
In contrast to their behavior in arterial smooth muscle cells,
we were surprised to observe that both Pur proteins were
equally effective in repressing basal and Spl-augmented
SMA enhancer output in transfected fibroblasts (Figure 5A).
More interestingly, Smad 2/3/4 overexpression not only
eliminated Pura repression of VSMP4 but also neutralized
the negative influence of Pura on VSMP4 activation in the
presence of Sp1 (Figure 5B). In contrast, Smad proteins were
not effective in relieving SMA enhancer repression in fibro-
blasts that overexpressed Purf either alone or in combina-
tion with Pura (Figure 5C). Apparently, Smad proteins were
able to override repression of the SMA enhancer, either in a
basal or Spl-activated state, but only if repression was me-
diated by Pura and not Purp. Smad 2/3/4 and Pur protein
overexpression in transfected COS? fibroblasts was verified
by Western blot analysis (Figure 5D). To compare these
results with TGFf1 receptor-mediated myofibroblast activa-
tion, we examined the effect of Pur protein overexpression
on SMA transcriptional activation in AKR-2B fibroblasts that
were treated with TGFB1 after transfection to activate en-
dogenous Smads via the usual receptor-based pathway. Al-
though both Pur proteins were capable of disrupting TGF31
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activation of the SMA enhancer in myofibroblasts, Purf
showed a dominant repressor effect that was three to four-
fold more potent than Pura (Figure 6A). When coexpressed
with Pura, Smads were less potent derepressors of the SMA
enhancer in AKR-2B fibroblasts compared with COS7 fibro-
blasts. This observation may be related to differences in the
levels of native Pur proteins and/or availability of SMA
enhancer activating factors such as Sp1, TEF1, or SRF in each
fibroblast line. Finally, Smad activation of the 3.6-kb VSMP8
mouse SMA promoter construct, previously shown to drive
high-level, smooth muscle tissue-specific overexpression in
numerous transgenic mouse lines (Wang et al., 1997, 1998;
Maeda et al., 1999; March et al., 1999; McGraw et al., 1999;
Nobe et al., 2001; Gokturk ef al., 2003) also was inhibited in
COS? fibroblasts by overexpression of either Pur protein
(Figure 6B). Purf was nearly 10-fold more potent than Pura
as a repressor of Smad-activated VSMPS.

The SMA-activating Proteins Smad2/3/4 and Sp1
Physically Engage Pur Repressor Proteins but Occupy
Distinctly Different DNA-binding Sites within the SMA
Enhancer

Results shown above point to a physical interaction between
Sp1 and Pur proteins at double-strand SPUR and that Smad
proteins seemingly counteract Pura repression of the SMA
enhancer. We postulated that multiprotein complexes might
exist in myofibroblasts that could, for example, facilitate
Smad protein derepression of a Pur protein-blocked SMA
enhancer. In support of this idea, Smad protein immunopre-
cipitates collected from COS?7 fibroblasts that overexpressed
H-tagged versions of Pur proteins in combination with
DYKDDDDK-tagged versions of Smads 2/3/4 were ob-
served to contain both Pura and Purf (Figure 7, lanes 5-8).
In addition, Spl immunoprecipitates were collected from
cells coexpressing Spl and H-tagged Pur proteins in the
absence of Smads to show that epitope tagging did not
adversely affect Pur structure as assessed by its unimpaired
ability to bind Sp1 (Figure 7, lanes 1-4). Moreover, negative
control experiments to monitor nonspecific interaction with
either the immunoprecipitation (IP) antibody (Figure 7,
Smad?) or affinity beads used to collect the precipitated
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Figure 6. Overexpression of Pur proteins
in AKR-2B fibroblasts attenuates SMA en-
hancer and full-length promoter activation
by TGFB1 or Smad proteins. (A) VSMP4
enhancer activation in transfected fibro-
blasts by TGFB1, Smad2/3/4, or a combina-
tion of both was substantially repressed by
Pura overexpression and fully repressed by
Purp. Compare lanes 2, 3, and 4 with lanes
5, 6, and 7 (Pura-mediated repression) or
lanes 8, 9, and 10 (PurB-mediated repres-
sion). (B) Smad-mediated activation of the
full-length VSMP8 promoter in AKR-2B fi-
broblasts was substantially repressed by
Pura and fully so by Purp. Compare lane 5
with either lane 6 (Pura-mediated repres-
sion) or lane 7 (Purp-mediated repression).
The VSMP8 promoter normally is transcrip-
tionally silent in fibroblasts but activated by
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tions of expression plasmids used for each
transfection are shown at the bottom.

proteins (Figure 7, no IP) revealed no spurious binding
interactions for the H-tagged Pur proteins.

We reasoned that identification of DNA-binding sites for
Smad proteins would help clarify spatial relationships be-
tween interacting Pur proteins, Smads, and Spl within the
191-base pair SMA enhancer. As shown by Western blot
analysis in Figure 8, Smads 2 and 3 accumulated in AKR-2B
fibroblast nuclei within 1 h after exposure to 5 ng/ml
TGEB1. However, Sp1 levels were not influenced by growth
factor treatment and were constitutively high in the nucleus.
Interestingly, DBA using fibroblast nuclear extracts pre-
pared 2 h after exposure to TGFB1 revealed preferential
Smad 2/3 binding to the double-strand THR probe, whereas
Spl, confirming previous observations, was most strongly
associated with a probe containing the more 3’, double-
strand SPUR site (Figure 8). Smad protein binding to SPUR
was not noticeably higher than that observed with the dou-
ble-strand MCAT probe or a double-strand, nonspecific se-
quence control but comparable with a double-strand, posi-
tive-control probe containing a known Smad-binding
element (SBE). In summary, although the Pur repressors
physically interact with the Spl and Smad activators in
myofibroblasts, each activator binds a different region of the
SMA enhancer. The preferential interaction of Smad 2/3
with the THR component of the SMA enhancer is interesting
in view of a previous report showing that TGFpB1 activates
SMA transcription in myofibroblasts by facilitating DNA
conformational changes within the THR region (Becker et al.,
2000).

Cardiac Remodeling Is Associated with Altered Pur
Protein Isoform Ratio

The ability of both Pur proteins to bind the Spl and
Smad2/3 SMA gene-activating proteins and the different
functional responses of Pura and Purf to TGFf1 signaling
prompted us to speculate that SMA gene output may be
governed by Pur protein isoform ratio within remodeling
cells and tissue beds. For example, accumulation of the Purf3
isoform may silence the SMA gene owing to the dominant
negative effect of this protein on basal transcription regard-
less of whether activating Smad proteins coexist in the nu-

Molecular Biology of the Cell



Spl

Smad 2/3/4
PUR o
PUR p

Figure 7. Evidence for a Smad 2/3:Pur
protein complex in transfected COS? fibro-
blasts. Nuclear protein extracts prepared
from COS? fibroblasts overexpressing either
Spl (lanes 1-4) or Smad 2/3/4 (lanes 5-8)
were [Ped with antibodies specific for Spl
or Smads (as noted at the bottom of each
panel) and processed for Western blot (WB)
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using antibodies shown on the left. Both Sp1
(IP:Sp1) and Smad (IP:Flg-Smad) immuno-
precipitates contained Pura and PurfB but
samples processed with the Smad 7 nega-
tive control antibody did not (IP:Smad 7).
None of the overexpressed proteins exhib-
ited nonspecific binding to the affinity iso-
lation beads (no IP). Protein overexpression
was verified by Western blot analysis of
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cleus. In contrast, stoichiometric dominance of the Pura
isoform may be associated with more dynamic states of
SMA gene transcription because it seems to operate bimod-
ally depending on whether or not Sp1 and Smad activators
are present. To further examine these ideas, we evaluated
two mouse models of SMA gene reprogramming and car-
diac remodeling to discern relationships between SMA gene
output and Pur protein isoform ratio. During postnatal car-
diac development in the mouse, the fetal SMA isoform ex-
pressed between 8 and 13 d of embryonic development is
gradually replaced by the cardiac isoform of a-actin (Parker
et al., 1990; Black et al., 1991, Subramanian ef al., 2002).
Notably, ventricular expression of Purf was dominant dur-
ing the first postnatal week as SMA protein levels decreased
(Figure 9). Nine days after birth, Pura, Purf, and SMA levels
in the maturing mouse ventricle all decreased and were
barely detectable in the 8 wk-old adult mouse heart. In
contrast, reactivation of the fetal SMA gene in accepted,
chronically rejected, adult mouse heart grafts was accompa-
nied by elevation of both Pur proteins, especially the Pura
isoform that exhibits TGFpB1 sensitivity (Figure 9).

Figure 8. SMA enhancer-activating pro-
teins in myofibroblasts exhibit different sub-
cellular localization and enhancer-binding

TGFB1: Oh

1h

DISCUSSION

Faulty SMA Gene Expression and Cardiac Remodeling

SMA is expressed constitutively in vascular smooth muscle
cells, transiently in stromal myofibroblasts, and under strict
developmental control in cardiomyocytes to impart func-
tional characteristics as required by each specialized cell
type. Aberrant expression of the SMA isoform can lead to
impaired vascular compliance and contractility (Schlid-
meyer et al., 2000; Hao et al., 2003) and has been linked to
abnormal accumulation of myofibroblasts and hypertrophic
scarring of healing wounds (Powell et al., 1999; Tomasek et
al., 2002) as well as inappropriate assembly of stress fibers
and sarcomere disruption in cardiomyocytes (Kumar et al.,
1997). The long-term consequences of SMA gene misregula-
tion are clearly exemplified in accepted heart grafts via a
chronic pathogenic process referred to as CAD. CAD is a
cardiac remodeling abnormality associated with loss of SMA
from the coronary arterial bed and gain in the myocardial
parenchyma and stroma (Shi et al., 1994; Suzuki et al., 1996;
Subramanian et al., 1998). Using a model of murine hetero-
topic cardiac transplant, we recently demonstrated that car-
diac fibroblasts were more susceptible than cardiomyocytes

6h  24h dsDNA: SBE THR SPUR MCAT

NS

specificity. Left, Smad and Spl western
blots of nuclear protein extracts prepared
from AKR-2B fibroblasts after exposure to
TGFpB1 over a 24-h period. Smad 2 and 3
entered the nucleus within 1 h after TGFS1

Smad 2/3

iv
-
| a— o

Smad 2/3

treatment, whereas nuclear Sp1 levels were
uniformly high. Right, DBA using nuclear
extracts from TGFpl-activated myofibro-
blasts and various dsDNA probes derived
from the SMA enhancer (noted at the top).
The Smad and Sp1 enhancer activating pro-
teins bind to different regions of the SMA
enhancer.
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Figure 9. Cardiac remodeling is accompanied by changes
in Pur protein isoform content and SMA expression. Pro-
tein extracts prepared from neonatal (postpartum day 4, 6,
9, and 13) and adult mouse ventricles as well as ventricles
from explanted allogeneic (allograft) heart grafts (30 d
posttransplant) were evaluated by Western blot by using
Pur- and SMA-specific antibodies. The postnatal develop-
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| mental period was characterized by dominance of the Purf

isoform and diminishing SMA expression, whereas chron-
ically rejected allografts expressed more Pura and SMA
protein compared with nontransplanted native hearts from
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Ventricular Development

to SMA gene reprogramming as evidenced by their early
accumulation of the SMA transcriptional reprogramming
proteins, TEF1, MSY1, Pura, and Purf (Subramanian et al.,
2002). Cardiac myofibroblasts may instigate ventricular re-
modeling in accepted heart grafts owing to their ability to
synthesize extracellular matrix protein and form scars that
theoretically could biomechanically stress adult cardiomyo-
cytes and thus activate fetal SMA gene expression in these
cells in a manner analogous to the situation observed in
some cardiac hypertrophic disease states (Black ef al., 1991;
Sussman et al., 2002). In this report, we have attempted to
characterize interrelationships between transcriptional acti-
vators and repressors of SMA expression first identified in
TGFBl-activated myofibroblasts and transplanted hearts.
We hypothesize that disruption of the balance between SMA
gene activation and repression may be responsible for cer-
tain aspects of chronic rejection histopathology observed in
accepted heart grafts that may be precipitated by excess
myofibroblasts, particularly interstitial and perivascular fi-
brosis and coronary vascular sclerosis.

DNA Structure and SMA Transcriptional Control in
Myofibroblasts

In myofibroblasts, the TEF1, Sp1/3, Smad 2/3, and SRF
transcriptional regulatory proteins all bind double-strand
DNA and function as activators of the SMA enhancer,
whereas Pura, Purf, and MSY1 show a clear preference for
single-strand DNA and act as repressors (Cogan ef al., 1995;
Sun et al., 1995; Kelm et al., 1999a; Cogan et al., 2002). Kelm
and coworkers have shown that competitive interplay be-
tween the TEF1 activator and Pura/PurB/MSY1 repressors
can regulate promoter output at a Pur/Pyr-rich region of the
SMA enhancer containing an inverted repeat with high po-
tential to form exposed single-stranded loops within a ther-
modynamically stable cruciform structure (Kelm et al.,
1999a; Becker et al., 2000; Carlini ef al., 2002). We now extend
these findings by showing that Pur repressor proteins also
compete with the Sp1 activator but at a distinctly different,
double-strand region of SMA enhancer referred to as the
SPUR element. SPUR, unlike the Pur/Pyr-rich region, does
not contain an obvious inverted repeat sequence that would
allow unfolded DNA structure. Functional interplay be-
tween Pur and Sp1 proteins previously has been observed in
mouse brain where the complex is believed to control tran-
scription from the myelin basic protein (MBP) gene (Tretia-
kova et al., 1999). In this system, physical interaction with
Spl enhanced the ability of Pur « to interact with its target
single-strand sequence to drive MBP promoter activation.
Similarly, during differentiation of the U937 monocytic cell
line, Pura and Sp1 collaborated to induce CD11c B-integrin
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graft recipients. The band denoted “ns” was not studied in
detail but may represent a covalently modified Pur protein
isoform (unpublished data).

gene transcription required for promoting monocyte:endo-
thelial cell adhesion during inflammation (Shelley et al.,
2002). In the CD11c promoter, Spl bound to the double-
strand sequence, whereas Pura binding was strictly con-
fined to a single-strand DNA target. In contrast, our results
indicate that Pur proteins interact with both double-strand
as well as single-strand elements in the region of the SMA
enhancer that contains a high-affinity Spl binding site.
Moreover, Pur binding to double-strand SPUR DNA was
significantly disrupted in the presence of TGFp1, suggesting
that the association of Pur protein with double-strand DNA
at SPUR was associated with a state of gene repression, not
activation as in the MBP and CD11c promoters. Pur binding
to double-strand SPUR required a novel 3’ GAA-containing
motif plus an intact GC-rich Sp1 site consistent with the idea
that prior Sp1 occupancy was essential, although not the sole
deciding factor, for Pur interaction with double-strand
SPUR. Binding of Pur to double-strand SPUR could require
physical interaction with Sp1 and/or DNA conformational
changes mediated by the protein complex that make the
GAA region of SPUR more receptive to Pur binding. Sp1:Pur
protein complexes demonstrated a strict requirement for
double-strand DNA. Single-strand SPUR probes did not
bind Sp1:Pur protein complexes despite the fact that these
probes were fully capable of Pur protein binding alone in
either native or mutant sequence context. Single-strand
SPUR probes capable of binding Pur protein may demon-
strate conformational flexibility not afforded by double-
strand SPUR perhaps due to constraints imposed by bound
Sp1/3 proteins. These observations are important because
they show that the Sp1:Pur:dsSPUR ternary complex was
not formed by opportunistic interaction of Pur protein with
flexible, single-strand DNA. Rather, the data suggest that a
novel Spl:Pur protein complex specifically binds to a con-
formationally constrained, double-strand SPUR element.
Other potential Pur protein partners include TEF1 previ-
ously shown to bind double-strand DNA encompassing a
muscle-specific MCAT element in the SMA enhancer (Sun et
al., 1995). Whereas MSY1 also was identified as a Pur protein
partner at the MCAT site, this DNA binding protein was not
a component of the newly identified double-strand SPUR
protein complex although, like Pur, MSY1 binds well to the
forward strand of SPUR. Curiously, the forward strand of
SPUR is purine rich and substantially different from the
reverse, pyrimidine-rich strand of the MCAT that exhibits
high affinity for MSY1 (Cogan et al., 1995). One explanation
for this discrepancy is that MSY1 binding to the forward,
purine-rich strand of SPUR may be indirect and mediated by
direct physical interaction with Pur protein, the primary
occupant of purine-rich single-strand elements in the SMA
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enhancer (Kelm et al., 1999b; Carlini et al., 2002). Regardless
of the actual basis for MSY1 interaction with forward-strand
SPUR, our data clearly show that formation of a Spl:Pur
complex at double-strand SPUR renders the element un-
available for MSY1 binding. Given the remarkable ability of
MSY1 to potentiate Pur protein-mediated repression of the
SMA gene in arterial smooth muscle cells (Kelm et al., 2003),
its exclusion from double-strand SPUR may provide a spe-
cific functional advantage in myofibroblast differentiation by
allowing for rapid and robust activation of the SMA en-
hancer by TGFp1. In accord with its disabling effect on SMA
transcriptional activity, MSY1 is well known in other sys-
tems for its ability to promote single-strand DNA conforma-
tional states that may further reduce the incidence of tran-
scriptional activation at the SPUR element in the absence of
TGEFpB1-based signaling (Matsumoto and Wolffe, 1998).

The Influence of TGFPB1 Signaling on Transcriptional
Regulatory Protein Interactions at the SMA Enhancer

One important concept emerging from our studies is that
Pur protein is a natural inhibitor of SMA gene transcription
unless microenvironmental conditions prevail that either
alter DNA conformation in the enhancer or provide rate-
limiting activation proteins capable of neutralizing Pur pro-
tein repression. We have found that TGFf1 is able to alter
the physical interaction of Sp1 and Pur proteins with the net
result that affinity for Pur binding at double-strand SPUR
DNA is reduced during SMA enhancer activation. Smad
proteins become available in the fibroblast nucleus soon
after TGFpB1 receptor engagement and seem to play an im-
portant, rate-limiting role in governing the magnitude
and/or duration of SMA gene expression during myofibro-
blast differentiation (Cogan et al., 2002). Our present studies
do not address whether Smad proteins directly alter the
physical interaction of Pur proteins with dsSPUR DNA.
However, Smad proteins do seem to influence Pur:Sp1 pro-
tein:protein interaction, which is especially interesting in
view of evidence in the literature supporting the notion that
Smad proteins may activate genes by physically sequester-
ing transcriptional repressors. Members of the Hox family of
homeodomain proteins repress transcription when bound to
their cognate DNA sites. One member of the TGFB super-
family, bone morphogenetic protein, uses a Smad protein
intermediary to relieve repression of the osteopontin pro-
moter (Shi et al.,, 1999). Derepression seems to occur by
Smad1 protein binding and displacement of Hoxc-8 from
DNA. This group also has shown more recently that Smad4
physically displaces the Hoxc-9 repressor from the same
promoter in response to TGFB1-mediated activation of os-
teopontin gene transcription (Shi et al., 2001). Whereas the
details of Smad-based derepression of the SMA gene are
incomplete, the Pur/Pyr-rich THR region does contain a
functionally important DNA binding site for Pur protein
that could indirectly recruit Smad to the THR via the dem-
onstrated physical interaction between Pur and Smad2/3.
Moreover, the THR region contains consensus CAGA motifs
that may stabilize Smad protein binding after recruitment by
Pur. However, protein:DNA interactions at the THR are
likely to be very complex. In particular, a recent report
showed that interferon-y, a potent antifibrosis cytokine,
blocked TGFpB1 activation of the a2 procollagen gene by
enhancing YB-1 interaction with Smad3 (Higashi et al., 2003).
The THR contains a binding site for MSY1, the mouse ho-
mologue of human YB-1, raising the interesting possibility
that dynamic interplay between Pur:Smad3 and MSY1:
Smad3 complexes could in some unknown way govern tran-
scriptional output from this region of the SMA enhancer.
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Additionally, nucleotide sequences flanking the THR may
be required in view of reports indicating that CAGA motifs
by themselves are neither necessary nor sufficient for Smad
binding (Massague and Wotton, 2000).

After TGFpB1 activation, we speculate that nuclear Smads
may bind and displace Pur proteins from double-strand
SPUR but not alter binding of the Sp1l transcriptional acti-
vator (Cogan et al., 2002). Concurrently, TGFS1 signaling
could alter Pur protein binding at the THR to uncover a
cryptic double-strand, Smad-binding site among the several
CAGA motifs located there. THR and SPUR are separated
by 105 base pairs and theoretically could lie within two
adjacent 80-base pair DNA loops in a single nucleosome
(Wolffe, 1998). Thus, physical and functional links between
SPUR and THR in TGFB1-activated myofibroblasts may be
accomplished in the context of nucleosome packing and/or
chromatin folding. One working model for SMA gene re-
pression places Pur protein at the double-strand SPUR as
well as THR where a purine-rich, single-strand site may be
exposed due to cooccupancy by MSY1 on the opposite,
pyrimidine-rich strand. Transient activation, a key feature of
the known physiological response of stromal fibroblasts to
TGFpB1, could be accomplished in this model by 1) deploy-
ment of nuclear Smads, 2) Smad-assisted removal of Pur
protein from Sp1 at SPUR, 3) subsequent, rapid turnover of
nuclear Smads, and finally 4) reengagement of the Sp1:Pur
repressor complex at SPUR within 24 h after TGF1 receptor
occupancy. Turnover of nuclear Smads may enable Pur and
MSY1 proteins to quickly reconfigure a repressed, single-
strand DNA conformational state at the THR. Unlike the
situation at SPUR, TGFp1 signaling does not seem to phys-
ically displace Pur from the THR site, so it may be readily
available to collaborate with MSY1 and efficiently reform the
repressed cruciform configuration at THR. These hypothet-
ical events at THR also may terminate transcriptional activ-
ity at the nearby MCAT element via impairment of its cog-
nate TEF1 binding protein (Carlini et al., 2002), thus
reestablishing a low, basal level of SMA gene output. Later
association of MSY1 with SPUR may further stabilize tran-
scriptional repression by enhancing the inhibitory grip of
Pur protein (Kelm et al., 2003) and/or disrupting duplex
DNA structure at this region of the SMA enhancer to pre-
vent Sp1 binding.

Differential Roles of Pur Protein Isoforms in
Myofibroblast Activation and Its Significance in the
Pathobiology of Chronic Rejection

Of the two Pur proteins associated with mouse SMA gene
transcriptional control, only Pura inhibition of the SMA
enhancer was neutralized by TGFB1 or Smads. Purf3 seem-
ingly lacks the ability to participate in TGFB1-based SMA
gene activation in myofibroblasts and functions as a domi-
nant negative type regulatory protein. However, our recent
work on SMA promoter regulation in aortic smooth muscle
cells clearly showed that PurfB-based repression can be
alleviated by serum response factor, an important lineage
determinant in smooth muscle cells that interacts with myo-
cardin to direct cardiovascular development and mainte-
nance of blood vessels in the mouse (Kelm et al., 2003). These
observations suggest that the negative effect of Purf3 on SMA
transcription might be countered by developmental signals
mediated by SRF designed to allow for long-term accumu-
lation of essential muscle contractile proteins such as SMA
in vascular smooth muscle cells. In contrast, activators such
as Smad proteins that accumulate temporarily in response to
inflammatory injury seem to lack the ability to override Purf3
repression and thus may be more relevant in pathways that
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require SMA gene activation to be strategically controlled in
a spatially or temporally restricted manner such as myofi-
broblast-based wound healing. Our data clearly shows that
Pura is released from SPUR in parallel with SMA transcrip-
tional derepression and additional studies will be required
to determine whether this DNA binding behavior is unique
to the Pura isoform. If functional differences exist, misregu-
lation of Pur protein gene expression or their interactions
with enhancer DNA and/or transcriptional activators such
as Spl or Smads could explain some pathobiological fea-
tures of chronic fibrotic diseases, including CAD. We found
that Pur protein levels were very low in the nontrans-
planted, adult mouse heart but became significantly ele-
vated in accepted cardiac allografts showing signs of chronic
rejection. Immunohistological analysis previously showed
that accumulation of interstitial and perivascular myofibro-
blasts were largely responsible for the observed increase in
nuclear Pur protein levels in accepted cardiac allografts 30 d
after transplant when chronic rejection and transplant vas-
cular sclerosis first becomes evident (Subramanian et al.,
2002).

We also demonstrated in this report that postnatal a-actin
gene reprogramming in the mouse ventricle occurred dur-
ing a developmental period characterized by high level ex-
pression of Purf. Although circumstantial, this finding
nonetheless is consistent with the potent suppressive effect
of Purf3 on SMA gene transcription in fibroblasts, shown in
this report, and our recent study on aortic smooth muscle
cells (Kelm et al., 2003). Late embryonic mouse heart devel-
opment is characterized by complete down-regulation of the
fetal SMA gene in cardiomyocytes and coordinate up-regu-
lation of the gene encoding the cardiac muscle-specific iso-
form of a-actin (McHugh et al., 1991; Kumar et al., 1997). We
speculate that Purf contributes to this a-actin gene repro-
gramming process and that high level expression of Purf in
the newborn mouse ventricle reflects both legacy and ongo-
ing SMA gene repression as the cardiac a-actin protein
accumulates in the maturing heart. Interestingly, high levels
of PurB were associated with an animal model of heart
failure and similarly observed in biopsies removed from
human patients afflicted with chronic heart failure (Gupta et
al., 2003). These investigators showed that Purf can sup-
press expression of the a-myosin heavy chain gene promoter
in transfected cardiomyocytes and thus could represent a
new marker for gene silencing and ventricular remodeling
in human heart disease.

In summary, we have shown that the SPUR region of the
SMA promoter, which shows high affinity binding to Sp1,
also binds to Pur proteins. The Sp1:Pur complex was depen-
dent on DNA conformation and displayed sensitivity to
TGEB1. The Smad 2/3 proteins, key mediators of TGFg1
receptor signaling, disrupted physical interaction between
Sp1 and Pur proteins yet themselves bound to Pur protein as
well as DNA sequence elements in the THR, a region known
to undergo chromatin conformational changes in response
to TGFB1 (Becker et al., 2000). The Pur repressor protein may
therefore occupy a strategic position in the SMA enhancer
that takes advantage of its unusual ability to bind both
single- and double-strand DNA as well as transiently coor-
dinate the action of two newly identified protein partners,
Smad 2/3 and Spl, that drive activation of the SMA gene in
TGFpl-activated myofibroblasts. The emerging and highly
interesting functional properties of Pur proteins provide
new insight for developing therapeutic strategies for treat-
ing and preventing chronic diseases such as arteriosclerosis,
idiopathic fibrosis of the liver, lung, kidney and heart, and
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cardiac allograft dysfunction where SMA gene expression is
known to be poorly regulated.
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